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ABSTRACT
The research presented in this thesis provides a methodology of designing, modeling and
controlling a fully pneumatic semi-active vibration isolator system. The prototype vibration
isolator system has the ability to adjust the damping and natural frequency characteristics of
the system. It consists of an air spring, a variable orifice valve, and an accumulator. In this
configuration, the spring characteristics are provided by the air spring and accumulator, while
the variable orifice valve provides the damping characteristics. The valve is computer regulated
according to the innovative control laws that were developed for the pneumatic system. The
vibration isolator system is designed to work in the vibration environment that is typically
observed in the case of Class 7 and 8 vehicles as defined by the U.S Department of Transporta-
tion Federal Highway Administration. In order to design a vibration isolator system for the
intended application, a benchmarking study was conducted to gain additional insight on OEM
vibration isolator systems features and limitations. Based on the insights obtained from this
study, the design requirements for the system were defined.
This paper presents a methodology of producing a plant model that is based off manufac-
turer’s engineering specifications and experimental characterization. The plant model includes
a complete characterization of nonlinear pressure to volume and effective area to ride height
relationships. A detailed design process of selecting and implementing components to optimize
system performance is also provided. The plant model was then used to design three semi-
active controllers that use position and pressure feedback signals that exploit the nonlinear
characterizations to measure direct force generation. The semi-active controllers that were
designed for this novel pneumatic vibration isolator system include: a LQI (Linear Quadratic
Impulse) optimal controller, Modified Skyhook controller, and a Relative Displacement con-
troller. This vibration isolator system was designed, fabricated, and tested using a prototype
xvii
electronic height control system. A comprehensive design process for the specialized height
control system is also presented.
The performance of the system was evaluated using a custom testing apparatus that was
built specifically for this vibration isolator research. The testing apparatus was designed to
accommodate different isolator systems and excite them with simulated road disturbances to
obtain head-to-head system comparisons. This research presents a comparison between the
system performances of an OEM Peterbilt cab suspension unit and the innovative fully pneu-
matic semi-active vibration isolator prototype using the three different control laws. It was
found that the properly tuned controllers were able to provide desired dynamic characteristics
over the range of common ride frequencies.
1CHAPTER 1. OVERVIEW AND BACKGROUND
For vehicular suspension systems, there is often a compromise between ride quality and
performance of the vehicle. In passive suspensions, individual component characteristics can
be adjusted to allow the vehicle to perform to an operator specified ride quality. These ride
quality adjustments are typically achieved by changing various settings in the springs and
damper units. As of recent trends, manufactures have been producing vehicles that allow the
operator to select from predefined passive suspension settings to best fit the driving conditions.
While the passive suspensions are typically very robust and cost effective, they lack the ability to
continuously adapt to a given terrain and maintain a desired ride. This has lead to an increase
of research and development efforts devoted to vehicular suspension design. While many of
the new suspension technologies are adopted by passenger vehicles such as exotic sports cars
and other luxury vehicles where cost is not as large a factor, the greatest benefactor for an
increased ride quality can arguably be seen in commercial vehicles. Unlike most passenger
cars, commercial vehicles are designed to be operated for much longer durations of time. Since
the operators are exposed to these vehicles for longer durations, design changes need to be
accounted for to assure that an operator can adequately perform the task at hand. One of
the design aspects that must be taken into consideration is the whole body vibration that the
operator is exposed to.
In many commercial vehicles the suspensions are designed with high spring rates to ad-
equately support the large magnitudes of load. With the increased spring rates the vehicles
can move large quantities of payload but, they lack the ability to comply to the terrains they
traverse. As a result, the forces that are encountered are transmitted through the suspension
2and felt by the operator. To help improve the ride quality of the vehicles many companies
have designed air spring suspension as an alternative to the common leaf spring configurations.
Air springs are utilized because of their weight reduction, ability to provide better isolation
through lower spring rate and frequencies, and their ability to maintain a desired ride height
with differing payloads. With the ability to maintain the desired ride height, the vehicle can
safely operate in the intended range of operation with a full payload. This load leveling feature
is not attainable with mechanical springs. Even with common air spring suspension systems,
commercial vehicles often lack adequate vibration isolation systems for the operators.
One of the common methods to obtain increased vibration isolation is to add additional
isolator systems that separates the operator from the chassis. With the implementation of new
technology, there has been advancements in suspension systems to allow suspensions to adapt
to changing road conditions. These suspensions incorporate active suspension components that
are controlled by computers and allow the dynamics of the components to change. Semi-active
and active suspension technologies has allowed the vehicles to obtain increased ride quality for
the operator.
1.1 Motivation
From previous work [10], [12] and US Patent [16], it is evident that the continuously vari-
able natural frequency and damping (CVNFD) isolator design concept has achieved enhanced
performance over contemporary isolator designs. While this past work demonstrates the superi-
ority of CVNFD concept, in order to systematically design such systems a deeper understanding
is needed in terms of dynamic behavior of the components used in such designs. Specifically,
understanding the nonlinear dynamic characteristics of air spring systems is crucial. It is the
motivation of this research to obtain a deeper understanding of the dynamic characteristics of
components of the pneumatic system, determine how the individual components impact the
overall system performance and evaluate semi-active controller performance with the prototype
system.
31.2 Main Objectives
There are three main objectives for this fully pneumatic semi-active vibration isolator re-
search. The first objective is to develop a design process that incorporates the understanding of
how all the individual system components impact the overall system performance. The second
objective is to obtain a higher fidelity model of the air spring dynamics based on manufacturer
specifications and experientially obtained characterizations. Lastly, to analyze the performance
of the semi-active suspension controllers in a head-to-head comparison to an OEM (Original
Equipment Manufacturers) suspension system.
1.3 Thesis Outline
This thesis is organized into seven chapters to report the findings of this research. Chapter
2 starts with an overview of the semi-active suspension concept that the system is based on.
Then in order to determine the design requirements of the prototype suspension, a review of
OEM suspension components and design is conducted. The chapter proceeds to give a detailed
description of the analysis conducted to select the components used in the prototype suspen-
sion used for experimental testing. Chapter 3 demonstrates the mathematical modeling of the
components of which were discussed in the prior chapter. Chapter 4 presents the methodology
for modeling the air spring with high degree of fidelity that takes into account the manufac-
turer’s specifications fo the air spring. The chapter continues by further characterizing the air
spring through experimental data analysis to validate the plant model. Chapter 5 presents the
theory and the design of the three different semi-active controllers. In addition to the semi-
active controllers, the design of the electronic height control system is also presented. Chapter
6 reviews the design of the custom testing apparatus for the the suspension prototype, along
with analysis of the controller performances. Chapter 7 presents the concluding remarks and
the suggestions for the future areas of research.
41.4 Common Suspension Configurations
One of the main purposes of a vehicular suspension system is to isolate the chassis from
the road inputs. Throughout the last few decades, there has been an increase in technology
development in both suspension component and system design. In general, vehicular suspension
designs are grouped into three main categories: passive, semi-active, and active.
  
Figure 1.1: Velocity-Force Characteristics of Various Suspension Designs [15]
Each system has advantages and disadvantages along with specific operation modes as
shown in Figure 1.1. The following section will review the governing characteristics of each
suspension technology.
1.4.1 Passive Suspensions
Passive suspensions can be defined as vibration isolators that are comprised of components
with fixed properties. Passive suspensions are the most common type of suspension seen on
OEM vehicles because of their cost and simplicity. All passive suspensions are comprised of two
main components: a spring and a damping unit. For passive suspension systems the effective
mode of operation lie in quadrants I & III of Figure 1.1.
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Figure 1.2: Passive Quarter Vehicle Suspension Model
Since passive vehicle suspensions are inherently nonlinear, linearizations are often performed
to ease in the modeling of components. A common method of modeling a simplified vehicle
suspension utilizes a quarter vehicle model. Quarter vehicle models are typically comprised
of linearized component dynamics and block masses. When linearizing the system shown in
Figure 1.2, the model becomes an linear second order differential equation that can be modeled
as
mx¨o + bx˙o + kxo = bx˙i + kxi (1.1)
Where k is the spring constant, b is the damping constant, m is the sprung mass, xo, x˙o,
and x¨o are absolute displacement, velocity, and acceleration respectfully and xi and x˙i are
displacement and velocity of the base. In the case of vehicular suspensions, suspensions are
designed to have an under damped dynamic response. This allows the system to have the
compliance that is needed to isolate the operator from road disturbances. In general, most cars
are designed to have a ride frequency between 1 to 1.5 Hz while performance cars can have ride
frequencies as high as 2.5 Hz [6].
61.4.2 Semi-Active Suspensions
Unlike passive suspension designs, semi-active suspensions have the ability to adjust the
dynamic properties of the system. With this ability, semi-active suspensions can adapt to
better dampen forces that are exciting the system. The effective mode of operation in this
suspension technology is still restricted to quadrants I & III of Figure 1.1. Figure 1.3 depicts
an example of a quarter vehicle model of a semi-active suspension.
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Figure 1.3: Semi-Active Quarter Vehicle Suspension Model
In the case of Figure 1.3, the system uses a common spring to support the load and uses
an adjustable damper unit to provide the optimal damping for the system. This semi-active
suspension can be modeled by
B = β + b (1.2)
mx¨o +Bx˙o + kxo = Bx˙i + kxi (1.3)
Where β is the damping rate that varies in response to a commanded value and b is the
constant damping rate of the unit. Some of the most common commercially available semi-
7active suspension designs utilize Magneto-Rheological (MR) damper technology. MR dampers
operate on a similar concept to that of a common viscus damper, but have the ability to
change the dynamic properties of the MR fluid found inside the damper unit. The MR fluid
is a specialized fluid that contains magnetizable particles that allow it to react to magnetic
fields [7]. Through controlling the magnetic excitation, the fluid’s effective viscosity can be
changed which in turn allows the damper to produce varying damping forces. This technology
is commercially available under the name MagneRideTM which was jointly developed by GM
and Delphi Automotive Systems [7].
1.4.3 Active Suspensions
Active suspensions differ from that of passive and semi-active suspensions in the fact that
they do not rely on common springs or dampers, but the use of linear actuators. While there
are several different types of linear actuators, hydraulic cylinders have been widely utilized in
active suspension design because of their ability to generate large magnitudes of force within
a small package. Active suspensions also have a unique dynamic response that depends on the
gain value that is set for the actuators controller. An active suspension can be modeled by the
following quarter vehicle model in Figure 1.4.
Where f is equal to the force provided by the actuator. In order to determine the force
needed, a control law must be developed and implemented on a Electronic Control Unit (ECU)
to drive the actuator to the desired force. Since active suspensions have the ability to exert
and dissipate energy, they often require more power to operate when compared to a semi-active
system. One example of an active suspension system is Bose’s Suspension System. This system
uses linear electromagnetic motors to exert the forces needed to control the motion of the cars
chassis.
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Figure 1.4: Active Quarter Vehicle Suspension Model
1.5 Pneumatic Suspension Components
1.5.1 Pneumatic Spring Governing Laws
Pneumatic springs are designed to perform the same function of mechanical springs, al-
though they operate off of different dynamic principles. Air springs generate force from com-
pressing air that is enclosed in the spring volume. As a result, an air spring with a fixed mass
of air can only increase its reaction force in compression. Air springs ability to generate a
given force depends on the effective area and internal pressure of the spring. The effective
area is a fictitious area that is equivalent to the load applied divided by the internal pressure
of the spring. Depending on the construction of the spring, the change of effective area can
have a large effect on the forces generated. The stiffness of a pneumatic spring can be modeled
by three separate thermodynamic processes depending on its operating conditions. The three
processes that are used to model the relationship between the pressure and volume of the air
spring are Isothermal, Insentropic, and Polytropic non-flow processes [1].
Isothermal Process An Isothermal Compression Process is defined as a process in which
the temperature remains constant. In this process, the work to compress the gas is
9entirely converted into heat loss that results in a minimal gas pressure rise [1]. This
thermodynamic process occurs during very slow spring deflections [1]. The process can
be expressed as
P1V1 = P2V2 (1.4)
where P is the absolute pressure and V is the total volume at the designated states.
Isentropic Process An Isentropic process is defined as an adiabatic internally reversible pro-
cess in which the entropy remains constant [9]. In application, this thermodynamic
process is not attainable but is closely approached during rapid spring deflections where
all of the heat of compression is retained in the gas. This process is expressed as [9]
T2
T1
=
(
V1
V2
)k−1
=
(
P2
P1
) k−1
k
(1.5)
Where T is temperature, P is pressure, V is volume, and k is the specific heat ratio. The
exponential value for air can be defined as k = 1.404, but this theoretical process does
not apply to air springs [2].
Polytropic Process A Polytropic Process is defined as an internally reversible process that
can be expressed as [9]
T2
T1
=
(
V1
V2
)n−1
=
(
P2
P1
)n−1
n
(1.6)
Where n is a polytropic exponent of air assumed to be cp/cv = 1.3947. This process
is used because it best describes the process that takes place when accounting for the
dynamic change of pressure, temperature and volume of air in the spring.
While other processes can be used to model the dynamic characteristics, the Polytropic
process was chosen because it was recommended as the most appropriate model according to
Firestone’s Design Guide.
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1.5.2 Pneumatic Spring Configurations
Figure 1.5: Convoluted Air Spring [2]
Just like mechanical springs, there are different air springs that are designed for varying
applications. The two main constructions for air springs consist of a convoluted and a reversible
sleeve bellows.
Convoluted Bellow A convoluted bellow air spring as shown in Figure 1.5 consists of one or
more lobed bellows which encloses a volume of air. Convoluted air springs generate force
by using the two bead plates to compress the air inside the spring. This construction
allows the spring to operate at greater angles of misalignment as compared to reversible
sleeve construction. In general convoluted air springs are used in application where the
suspended loads are very high.
Reversible Sleeve Bellow A reversible sleeve air spring as shown in Figure 1.6 generates
its force by utilizing a piston to compress the air inside the volume. With modifying
the geometry of a piston, the spring can be tuned to produce desired stiffnesses. This
construction is often used on axles of semi trucks and trailers.
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Figure 1.6: Reversible Air Spring [2]
In order to design a pneumatic suspension, the governing principles that were previously
stated along with various design considerations must be taken into account. The following
chapter will present the technology that pneumatic suspension is based on, as well as the
process that was taken to select the systems components.
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CHAPTER 2. SEMI-ACTIVE PNEUMATIC SUSPENSION SYSTEMS
DESIGN
To begin the design of the prototype suspension system for Class 7 and 8 vehicles, a review
of the CVNFD technology, available commercial suspension systems, and the state-of-the-
art suspension systems will be conducted. This review was conducted for two main reasons:
to determine the specifications for the custom suspension and to research the leading-edge
technology on the market. From the insight that was obtained from the review, the requirements
were determined for the prototype suspension system. The chapter then presents the analysis
conducted to design a new electronically controlled semi-active vibration isolator system.
2.1 CVNFD Technology
The CVNFD design concept [16], was engineered to allow both the natural frequency and
the damping of an isolation system to adapt to varying disturbances. With this ability, it
allows the system to maintain vibration isolation over a wide range of operation. One of
the paramount aspects of this technology is that it is primarily comprised of commercially
available components. The components that comprise this novel vibration isolator system will
be reviewed in the following section.
2.1.1 System Components
Airspring Previous studies and designs used to realize the CVNFD concept, often employed a
reversible sleeve air spring as seen in Figure 2.1. In the case of the CVNFD technology, the
13Air Springs
Figure 2.1: Diagram of a Reversible Sleeve Air Spring
air spring along with the reservoir allows the suspension to change its natural frequency.
The natural frequency changes as a result of the effective volume that is being utilized in
the pneumatic system.
Reservoir Air receivers are commonly chosen for fixed accumulator configuration of this tech-
nology. These pneumatic storage tanks are chosen because of their ability to accommo-
date the cyclic loading of a suspension system at operation pressure. The sizing of the
reservoir can be used to fine tune the system parameters to meet the desired performance
requirements.
Varible Orifice Valve The valve is used to control the air flow between the air spring and
the reservoir. In the closed loop configuration the valve is commanded according to the
control algorithm that was designed for the system. The modulation of the variable orifice
allows the valve to adjust orifice diameter, thus allowing the necessary resistance to be
commanded to provide a desired damping for the system.
Height Control System The height control system is comprised of a mechanically actuated
pneumatic directional control valve. The valve is designed to allow height control systems
to operate without conflicting with the system dynamics. The purpose of the height
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control system is to allow the vehicle to maintain the desired operating height by adjusting
the internal pressure of the air spring to support differing suspended loads.
2.1.2 Dynamics of Operation
 
0.5 1 1.5 2 2.5 3 
0 
0.5 
1 
1.5 
2 
2.5 
3 
3.5 
4 
4.5 
Frequency (Hz) 
Fourth order 
transfer function fits 
Second order 
transfer function fits 
Figure 2.2: CVNFD Tranfer Function Fits [16]
The data in Figure 2.2 plots the systems frequency responses through incrementally ad-
justing the variable orifice valve. The dynamic responses are approximated to fit that of a
second order and forth order systems. As plotted in Figure 2.2, the second order systems
(red) are defined when the valve is fully open to 15% orifice opening [10]. When the system is
operating below 15% orifice opening the system response can be estimated as that of a forth
order system (green), although a second order transfer function fit can reasonably capture the
system dynamics [10]. It is important to note that when the suspension is operating as forth
order system the common second order characteristics of natural frequency and damping do
not apply. However, because the system dynamics at all orifice openings can be reasonably
captured with the second order approximations, the modeling and controllers can be based on
second order system dynamics.
15
Since this vibration isolation technology has the unique ability to change its natural fre-
quency, it allows the system to possess a dynamic characteristic that be shown in the transmis-
sibility plot in Figure 2.2. In passive suspension systems, the peak response gain has a fixed
magnitude and frequency. This means that whenever the given suspended mass is excited to
the resonant mode, the system will incorporate its peak transient response. However if the
system was configured utilizing the CVNFD design, the frequency of resonant peak can be
adjusted. With this capability, the system can maintain a transmissibility magnitude that is
generally less than one when the system is disturbed with frequencies that are greater or less
than the cross over frequency as defined in [12]. This is advantageous because in conjunction
with the inherent damping from the positioning of the resonant frequency, the system can
further dampen the response though modulating the air flow between the air spring and the
reservoir.
2.2 OEM Pneumatic Suspension Review
2.2.1 Seat Suspension Analysis
The pneumatic suspension seat was the first system that was analyzed. A common OEM
suspension seat, Sears Manufacturing Atlas series 70, was selected as a test specimen to analyze
for the use of this study. This seat was chosen because the construction conforms to the common
suspension seats design. This particular seat is suspended from the floor of the cabin through
a scissor mechanism that encapsulates the air spring and damper.
The pneumatic circuit in Figure 2.3 consists of a pressure supply line from the trucks
pneumatic storage tanks, a directional control valve that allows the operator to adjust seat
height and effective spring rate, and an air spring. The air spring has a sleeve style construction
and serves the function of supporting the load and adjusting the height of the seat. Coupled
with the air spring, the damping unit is a standard viscous damper and has no adjustable
settings. One of the main constants with the suspension seat design is the amount of space or
16
Figure 2.3: Pneumatic Circuit for Common Suspension Seats
footprint that the seat alloted. A scissor mechanism is commonly used to maximize performance
and minimize the footprint of the seat. The scissor linkage imparts a mechanical advantages
to the force supplied by the spring. The mechanical advantage is used to allow the system to
use a relatively short stroke bag in comparison to the stroke that the mass travels through.
Apart from the passive suspension designs, since the early 2000’s there has been a large
focus in the research and development of active suspension seats. Two companies that produce
the state-of-the-art products are Bose and Sears Manufacturing. While these two companies
both produce state-of-the-art adaptive suspension seats, their methodology remains different.
Bose currently produces their second iteration of their suspension seat named Bose Ride R©
System II shown in Figure 2.4. This system was released in 2015 and is composed of a linear
electric motor that is controlled by a microprocessor to command the forces needed to provide
an optimal ride for the occupant [4]. This product also allows for the selection of three different
ride settings to provide the ride quality that is desired by the operator.
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Figure 2.4: Bose Ride II
Sears, in a partnership with Deere & Company, has developed a semi-active suspension
seat. The VRS2000 semi-active suspension seat utilizes a Lord MR semi active damper to
produce the damping force that is determined from a microprocessor that is part of the unit.
This system also offers adjustable ride characteristics through the adjustment of the damper
presets.
2.2.2 Cabin Suspension Analysis
In addition to pneumatic suspension seats, many vehicles also have a suspended cabin. Un-
like suspension seats, there are many different sizes and configurations of truck cabins depending
on the manufacturer and intended design of the truck. Aside from the different configurations,
in the US market, truck cabins in general have compliant rubber mounts in the front and are
suspended in the rear.
A common truck cabin suspension system produced by Link Manufacturing is shown in
Figure 2.5. This system is composed of two air springs, a damper, and a height control valve.
As one can see from Figure 2.5, the linkage of the cabin system is much different from that
18
Figure 2.5: Link Manufacturing Cabmate R©
of the seat and has a motion ratio of cabin displacement to air spring displacement of 1:1.
This motion ratio is more common in cabin suspensions as packaging is not as limited and
the suspended loads are much larger. The two fundamental additions that the cabin systems
incorporate that seats do not are: a height control valve and multiple springs and dampers.
The height control valve is needed because the cabin is designed to operate at a specified height.
This specified height defines particular dynamic characteristics that are unique to air spring
designs and will be analyzed in further detail in the following sections.
The state-of-the-art technology for cab suspensions are produced by Lord and ZF Friedrichshafen
AG, commonly known as ZF Group. Lord produces a cab suspension unit that utilizes their
MR damper in the place of a passive viscous damper. Following the same design concept as
the suspension seat, the spring used in the cabin suspension is a common air spring found on
passive pneumatic systems.
ZF Group produces a cabin suspension system that is targeted for the European market
tractors. The suspension system as pictured in Figure 2.6, incorporates a passive fully sus-
pended cabin frame with the addition of an active roll stabilization system that is controlled
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Figure 2.6: ZF Group Cabin Suspension + Active Roll Stabilization Rear
by a hydraulic cylinder [13]. This allows the cabin to experience less excitement during quick
lane changes or driving inputs that result in cabin load shifts.
2.3 Suspension Component Selection
After reviewing the OEM system designs of both the seat and the cab, the scope of the
semi-active suspension system could be defined. The scope of the system was to design a
modular experimental prototype vibration isolator system with a single air spring, reservoir,
variable orifice valve and height control system. The scope of the design was defined to incor-
porate aspects that were discovered in previous research [12] with an emphasis in incorporating
commercially available components.
2.3.1 System Design Requirements
The next step was to define the engineering requirements of the isolator. In order for
the system to be retrofitted for a seat or an operator cabin, the suspension must be able
to accommodate a range of loads. It was determined that the system would be designed to
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support static loads ranging from approximately 1780 - 3340 N (400 - 750 lbs). This range
was determined by approximating the magnitude of forces that would be present with a seat
design that possesses a substantial mechanical advantage, or resembles the loading for a cabin
suspension. Along with being able to support a range of loads, the system must be modular
in design and have the ability to be tuned for the specified application. Since the system is
being designed for use as a vehicular suspension unit, all of the systems components must be
able to operate from common power sources on the targeted vehicle. In the case of class 7
& 8 trucks this includes: pressured air from the on-board pneumatic brake system with an
operation range of 5.5 - 9.3 Bar (80-135 psi) and electrical power from the 12 VDC architecture
on the chassis. The design height and usable stroke was determined from the restrictions on
the testing apparatus that will be discussed in further detail in Chapter 6. To allow safe
operation on the testing apparatus while maximizing the ability to test a wide range of road
profiles, the ride height was required to be between 152.4 - 228.6 mm (6 - 9 in) and have a
usable range of at least 76.2 mm (3 in). It was also determined that a custom height control
system needed to be developed to allow additional functionality that is not attainable with
the mechanically actuated height control valve. In this prototype design, aspects such as:
operating temperature range, cost, ruggedness, component sourcing etc. were not considered
for the design requirements.
2.3.2 Air Spring Selection
The first component to select for the prototype system was the air spring. In order to
properly size an air spring for this system, there are four characteristics that must be taken
into account in oder to achieve the maximum performance from suspension. These four char-
acteristics consist of
• Load Capacity
• Operating Pressure
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• Natural Frequency
• Usable Stoke
To aid in the proper selection of pneumatic components, the Firestone Airide R© Design
Guide [2] and the results published from an article in the Vehicle System Dynamic Journal [11]
concerning air suspension design analysis were used. The first step was to determine the type
of construction of the air spring. As stated in Chapter 1 there are two main constructions of air
spring which consist of convoluted and reversible sleeve designs. From these two constructions,
the CVNFD review section of this paper states that the reversible sleeve spring construction
has been used in previous designs. The exclusive selection of the reversible sleeve spring can
be explained by the characteristics that the construction imparts.
Figure 2.7: Effective Area’s of Air Springs [2]
The net stiffness of an air spring is comprised of the summation of two stiffnesses: volumetric
and area. Volumetric stiffness is a function the polytropic process while area stiffness is a
function of the springs geometry. Area stiffness is defined as the spring rate that is attributed
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from the change of effective area [11]. Effective area of an air spring is a fictitious area that
the pressure is acting on to generate a force. For a convoluted air spring, the effective area
drastically changes through out stroke of the spring. This is however not the case in a reversible
sleeve air spring, where the effective area change is relatively small. The concept of changing
effective area can clearly be seen in Figure 2.7. It has been shown that a reversible sleeve
construction is more suitable for vehicle applications because it allows for higher damping
rates compared to convoluted spring in which area stiffness contributes to [11]. The governing
equations that model the damping effect are expressed in Eqs. 2.4 - 2.7. It is for this reason
of higher damping rates that it was determined that a reversible sleeve construction would be
selected for the system. A Firestone model number W26-358-9025 reversible sleeve air spring
was chosen according to the four characteristics stated earlier. The calculated values of the
four characteristics are presented in the following section.
Load Capacity/Opration Pressure To determine a reference loading point, the median of
the load range was used. At the median load of approximately 2560 N (575 lbs), the
spring would be approximately at the median operation pressure. The operation pressure
of 3.64 Bar (52.8 psi) was found utilizing the Static Data Chart as seen in Figure 4.4.
Natural Frequency To calculate the natural frequency of the air spring, the following equa-
tions for the Firestone Design Guide were used [2].
An =
Load
Pressure
where n = 1, c, e
(2.1)
KS = Pspa(e)
[
Ac
(
Vsp(e)
Vc
)1.38
−Ae
(
Vsp(e)
Ve
)1.38]
Ac − 14.7 (Ac −Ae) (2.2)
f = 188
√
KS
W
(2.3)
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Note: In equation 2.1, the load that is used for the calculations is obtained from the Force
Table on air spring specification sheet that is the closest to the actual load at the static
position at the respective pressure.
Ac Effective area 1/2 inch below static position (in
2)
Ae Effective area 1/2 inch above static position (in
2)
Asp(e) Effective area at static position (in
2)
f Natural frequency (cpm)
KS Spring rate of spring only (lbf/in)
Pspa(e) Absolute pressure at static position (psia)
Vc Internal volume 1/2 inch below static position (in
3)
Ve Internal volume 1/2 inch above static position (in
3)
Vsp(e) Internal volume at static position (in
3)
W Respective weight (lbs)
The natural frequency was calculated to be 1.39 Hz at the ride height of 184.15 mm (7.25
in) and a load of 2560 N (575.18 lbs). This magnitude is satisfactory because it places the
natural frequency of the spring in the typical ride frequency range of passenger vehicles.
Usable Stroke This air spring was made to have a design height of 181.15 mm (7.25 in).
From this initial design height, air spring has a stroke of appropriately +50.8/- 69.85 mm
(+2/-2.75 in) which exceeds the minimum stroke specification.
Air Spring Parameter Summary
Using Eqs. 2.1 - 2.3, Table 2.1 summarizes the sizing parameters used of the initial selection
of the air spring.
24
Table 2.1: Parameters of Initial Spring Sizing
Property (units) Value (Imperial) Value (SI)
Interal Pressure 52.82 psi 3.64 Bar
Ride Height 7.25 in 184.15 mm
Suported Load 575.18 lbs 2650 N
Natural Frequency 1.39 Hz 1.39 Hz
Effective Area 10.89 in2 7025.8 mm2
2.3.3 Reservoir Selection
When selecting a reservoir, the following aspects must be taken in to consideration for a
vehicular application:
• Footprint
• Volume
• Effective system natural frequency
The maximum footprint was determined from the most constricting application of a seat.
In order for the reservoir to be incorporated into the seat, it constrained the volume to be
approximately the size of a common seat base and riser. In addition to the footprint restriction,
the reservoir must abide by SAE-J10 codes and have the appropriate size ports to allow minimal
restriction to the air flow. From the requirements previously stated, the volume capacities were
narrowed to a range of 3.8 - 18.9 L (1 - 5 gal). To fully understand how the volume of the
reservoir impacts the system performance, the dimensionless analysis presented in the Vehicle
Dynamics Journal [11] will be utilized. In order to model the system, the air spring parameters
were modeled from the initial condition of supporting the median load in the designated load
range specified and positioned at the recommended design height. The plant model was also
assumed to have the variable orifice valve commanded to produce optimal damping. To define
the optimal damping ratio for the system Eq. 2.7 is used. The following equations were used
to capture the rest of the system dynamic of the frequency analysis [11].
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KVsys = KVsp
Vsp
Vsp + Vres
=
KVsp
rV
(2.4)
Note: With the reversible sleeve construction, the assumption in Eq: 2.5 is made.
KA = 0 (2.5)
Ω =
ωS
ωSV
=
√
KS
Ksys
=
√
KVsp +KA
KVsys +KA
(2.6)
ξopt = Ω
√
1 + Ω2
2
(2.7)
z
x
=
s
ωS
ξ + 1
s3
ω3S
ξ + s
2
ω2S
Ω2 + sωS ξ + 1
(2.8)
KVsp Volumetric stiffness of spring only
KVsys Volumetric stiffness of spring and reservoir
KS Net stiffness rate of spring only
Ksys Net stiffness of spring and reservoir
rV Volume ratio of combined volumes of the spring and reservoir to volume of the spring
Vsp Volume of spring
Vres Volume of reservoir
ξ Damping ratio
ξopt Optimal damping ratio
ωs Air spring natural frequency
Ω Frequency ratio factor
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Figure 2.8 shows the frequency response of the suspension system with varying reservoir
volumes. From this figure, it clearly shows that reservoir size has a significant impact on system
performance. Ideally, the reservoir that allows the system to have the greatest attenuation in
resonant peaks would be selected, however the additional performance comes at a cost of having
a larger footprint. The decision was made to use a 11.4 L (3 gal) reservoir in order to conserve
space while maximizing performance of the system. The reservoir that was chosen for this
application was Manchester Tank model number 304982 horizontal air receiver.
Figure 2.8: Reservoir Effects on Transmissibility
2.3.4 Variable Orifice Valve Selection
The next component to be selected for the system is the variable orifice valve. From
previous research, the valve characteristics were hypothesized to have a significant impact on
the performance of suspension [12]. The design specification consists of two main requirements
which require the valve to operate from a DC power source and to be rated to operate at
the pressure levels that are supplied by the pneumatic brake system. At the current stage of
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the electronic semi-active vibration isolator development, there is not a defined design guide to
follow for the selection of a variable orifice valve. However, as previous research has documented,
there are the following design aspects to consider [12]
• Response Time
• Internal Valve Geometry
• Orifice Size
After completing a search of commercially available variable orifice valves, it was discovered
that there were very limited number of options available for an orifice diameter greater than
9.53 mm (0.375 in). It became evident that there were two main design routes to follow. The
first route was to continue research with the valve that was used in the previous research [12] .
The second route was to design and build a custom valve for the system. The first design route
was taken to maximize the amount of standardized components. The valve that was chosen for
this system was IQ Valves Proportional Isolation Balanced Valve model number 203319. This
valve has a 9.53 mm (0.375 in) orifice with a direct solenoid actuated poppet that is pressure
balanced so that the valve actuation remains the same regardless of inlet pressure. The valve
is controlled by a 24 VDC signal amplifier model number 9-B5950-004 from IQ Valves.
2.3.5 Height Control System
In the past iterations of the semi-active pneumatic suspensions [10],[12], the height control
system has not been identified as a component that needed additional analysis. The previous
iterations of the design utilized the common height control valve found on cabin and axle
suspensions. These types of valves have a few inherent limitations which consist of: non-
adjustable dynamics, a constant preset height and non-adjustable actuation threshold. While
these limitation are acceptable in a cabin application, they are not in a seat application where
the system must be able to easily adjust to its ride height. The limitations of the common height
control valve as seen in Figure 2.9, make the valve a non-ideal solution for the application.
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Figure 2.9: Typical Mechanical Height Control Valve
In order to satisfy the design requirements of the seat and cabin systems, a custom height
control system needed to be designed. The first step in the process was to define the design
requirements of the prototype height control system. It was determined that the system must
be able to:
• Adjust Ride Heights
• Adjust Actuation Threshold
• Interfacing with an Electronic Control Unit (ECU)
• Adjust flow rates
To incorporate all of the additional functionality the logical solution was to continue with
electrical architecture and development of an electronic height control system. In this ap-
plication the main three design requirements were: the valve must be DC powered, have an
adjustable flow rate, and be able to supply a flow rate to fill the reservoir and air spring from
atmospheric pressure to the maximum operating pressure of 6.9 Bar (100 psi) in five seconds.
In order to calculate the flow rate required, the common equation to size air receivers will be
used. This equation is expressed by
29
Q =
Vsys (P2 − P1)
Patmt
(2.9)
Where Patm is the atmospheric pressure, P1 is the initial pressure, P2 is the final pressure
and t is the time to fill. It was determined that a 4/3 proportional directional valve that was
rated above the flow rate required would be the best fit for the system. However, at the time of
design there were no pneumatic 4/3 proportional directional control valves that met the required
specifications. This led to a design change to incorporate two proportional flow control valves.
The valves that were chosen for the this application were SMC Electro-pneumatic proportional
flow type valves model number VEF2131-1-03. This valve was chosen because its response
time, power requirements and maximum flow rating. A detailed control methodology will be
presented in Chapter 5 outlining how the height control system will incorporate all of the
desired system functionality.
Height Control Valve Summary
A summary of the values used to properly size the valve are presented in Table 2.2. Note
in order to size the valve, the condition that require the most extreme values were chosen as
the basis for the calculation. This criteria was selected to assure that the suspension system
would be able to attain the required fill time with differing loads.
Table 2.2: Parameters of Height Control Valve Sizing
Parameter (units) Value (Imperial) Value (SI)
Patm 14.7 psia 1.01 Bar
P1 0 psig 0 Bar
P2 100 psig 6.9 Bar
Q 35.45 scfm 1003.83 lpm
t 0.083 min 0.083 min
Vsys 0.434 ft
3 12.29 L
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2.3.6 System Plumbing
The final aspect to design was the system’s plumbing. Plumbing is the area of the system
where there lies a vague amount of understanding as to how it impacts the system’s perfor-
mance. Since there is this uncertainty, the design stance that was taken when selecting sizes
and components was to conform to common sizes and components used for air brake system on
commercial vehicles. This limited the plumbing selection to U.S Department Of Transportation
(DOT) FMVSS 571 approved tubing and fittings. In order to reduce restriction the largest hose
diameter was chosen for the individual port sizes.
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CHAPTER 3. PLANT MODELING
In order to understand the plant dynamics and aid in controller design, a mathematical
model was derived for the prototype system. The plant model was derived using the Model-
Based Design (MBD) approach to allow for an efficient framework for iterations in the virtual
and physical prototypes. This chapter will describe the methodology used to model the sys-
tem with governing dynamic equations and experimentally defined parameters. The primary
purpose of the model was to gain deeper understanding of the dynamic behavior of the pro-
totype system. The model refinement and/or tuning using experimental data was performed
to achieve the adequate fidelity of the model to enable reasonable performance prediction and
controller design.
3.1 System Overview
As described in Chapter 1, the a 1-DOF quarter vehicle model is used to model the sus-
pension system. The choice of 1-DOF system model was primarily motivated by the test
apparatus that was available for experimentally corroborating the controller designs. The test-
ing apparatus is described in detail in Chapter 4, was designed to test this configuration. In
this configuration, the suspension system is completely isolated and allows for analysis of the
system without the influence of additional external vibration isolators such as tires or rubber
mounts. Different components of the isolation system were arranged in the context of CVNFD
technology and is shown in Figure 3.1.
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MASS
xo
xi
Valve Reservoir
Air 
Spring
ṁ 
Figure 3.1: Schematic of Suspension Suspension
The scope of the system modeling will include the subsystems of the suspended mass, air
spring, variable orifice valve, and reservoir. An abbreviated version of the mathematical system
modeling will be presented in this thesis for completeness, as the system modeling is based on
the derivations in previous research [12].
3.2 Mass Equation
To begin modeling the suspension, a Free Body Diagram (FBD) shown in Figure 3.2, was
constructed to model the forces that are acting on the mass.
Mass
Xo
W
Fsp Fb
Figure 3.2: Free Body Diagram of Suspended Mass
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Using Newtons Second Law of Motion, the force balance of the suspended mass shown in
Figure 3.2 is expressed as
Mx¨o = Fsp −Wg − Fb (3.1)
Where M is the suspended mass, Fsp is the spring force, Fb is the effective damping force
and W is the weight of the suspended mass. The FBD depicts the net air spring force decoupled
into two separate forces representing the spring and the damping force. This fictitious force
decoupling was conducted for modeling purposes, where in reality the air spring is the only
component that is acting on the suspended mass. The net damping force is comprised of the
characteristic damping of the air spring and the damping force generated for the pressure drop
over the variable orifice valve. If Eq. 3.1 is expanded, one can see the components that comprise
the individual forces. This expanded form is expressed as
Mx¨o = (Psp)Asp −W − Cb (x˙o − x˙i) (3.2)
Where Psp is the air spring pressure, As is the effective area, Cb is the damping coefficient,
and (x˙o − x˙i) is the relative velocity between the base and the suspended mass. In the simula-
tions and testing that will be performed, it will be assumed that the suspension will start at an
equilibrium. This allows for the governing equation to model the change in forces with respect
to the equilibrium position. To reflect this assumption, the change in forces can be modeled by
x(0) = x˙o(0) = x¨o(0) = 0
Mx¨o =
(
Psp − Psp(e)
)
Asp − Cb (x˙o − x˙i)
(3.3)
Where Psp(e) denotes the air spring pressure at equilibrium.
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3.3 Air Spring
In a typical passive suspension setup, the spring and damping forces come from two separate
components that have fixed parameters. However, this is not the case in this suspension system
where the system has the ability to change the effective spring rate and damping. In the
following two sections, a detailed description of the process used to model the spring and
damping rate of the system will be presented.
3.3.1 Air Spring Stiffness
In order to derive a dynamic model of the spring rate, the two components of spring pressure
and effective area that are expressed in Eq. 3.3 need to be modeled. Effective area has been
previously modeled in Eq. 2.1 and will be further analyzed in Chapter 4. With reference to
Figure 3.1, the mass flow rate of air m˙ going in to the spring can be expressed as
m˙ = − d
dt
ρspVsp (3.4)
The variables ρsp is the density and Vsp is the volume of air. In case of an air spring,
internal volume and air density change in dynamic operation of the suspension. Thus Eq. 3.4
is differentiated in respect to time to produce
m˙ = −ρ˙spVsp − ρspV˙sp (3.5)
The relationship between density and pressure will be assumed to operate according to an
isentropic process. This relationship can be expressed as
ρsp
ρsp(e)
=
(
Psp
Psp(e)
) 1
n
(3.6)
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Where n is the polytropic exponent and subscript e denotes an equilibrium state. Under
the assumption that air behaves as an ideal gas, the Ideal Gas Law can be used to express
the density of the air which is then substituted into Eq. 3.6. This new equation is then
differentiated with respect to time to produce
ρ˙sp =
1
nRTsp(e)
(
Psp
Psp(e)
) 1−n
n
P˙sp (3.7)
Where R is the specific gas constant and Tsp(e) is the absolute temperature of air in the
spring volume. By substituting Eq. 3.7 into Eq. 3.5 and rearranging terms, the pressure of the
spring can be expressed as
P˙sp =
nRTsp(e)
Vsp
(
Psp
Psp(e)
) 1−n
n
m˙− nPsp
Vsp
V˙sp (3.8)
In Eq. 3.8, all values except for volume can be easily determined from sensor feedback or
are defined by the governing laws from which they were derived. The volume of the air spring
will be determined by a methodology that will be presented in Chapter 4.
3.3.2 Damping Coefficient
As previously stated, this system has the ability to adjust its effective damping. To fully
capture the damping effect imposed by the variable orifice valve, data needs to be collected
at various different orifice openings and initial conditions to fully understand the damping
characteristics of this system. An example of this collected data is shown in Figure 3.3. From
this data one can see that the frequency response that is plotted possess similar trends to
that of previous systems [10],[12]. In order to approximate the complex system damping, the
damping will be assumed to be linear in nature. To determine the damping coefficient a well
known logarithmic decrement method will be utilized [3]. The logarithmic decrement method
is presented for completeness.
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Figure 3.3: Effective System Damping
For any under-damped system, the logarithmic decrement is expressed as the natural loga-
rithm of the ratio of any two successive amplitudes which is expressed as
δ = ln
x1
x2
(3.9)
where x1 and x2 are the amplitudes in respect to final step amplitude. The logarithmic
decrement is then used to define the damping ratio expressed as
ξ =
1√
1 + (2pi/δ)2
(3.10)
The natural frequency is then defined as
ωn =
2pi/T√
1− ξ2 (3.11)
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where T is the time between the successive peaks. With a known mass M , the bag damping
coefficient can be expressed by
Cb = 2ξωnM (3.12)
3.4 Reservoir
The modeling of the reservoir is much like that of the air spring but has a fixed volume.
Starting from the base mass flow rate derived Eq. 3.4, the reservoir derivation follows the same
assumptions listed in Eq. 3.5 - 3.7 which produces
P˙res =
nRTres(e)
Vres
(
Pres
Pres(e)
) 1−n
n
m˙ (3.13)
In Eq. 3.13 the following assumptions were made at equilibrium:
• Psp(e) = Pres(e)
• m˙ = 0
• Tsp(e) = Tres(e)
3.5 Variable Orifice Valve
As stated in Chapter 2, the previous research [12] utilized the same valve and produced an
extensive characterization of the valve which will be utilized. The basis of the characterization
was built from another reference paper [14] that modeled the mass flow as a compressible air
flow through a restriction in terms of the measured upstream and down stream pressures. In
this derivation, the equation accounts for both critical and subcritical flows which can occur in
the suspension application. The mass flow rate is modeled by [14]
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m˙ =
φCAPuβ√
Tu
(3.14)
Note Eqn.3.14 is shown with the utilizing the same nomenclature as published in the work
of [12]. The tabular values for β are provided in the reference document [14]. Air properties
are assumed to be at the following state:
• P = 1.013 Bar (14.70 lbs/in2)
• T = 20 ◦C (68 ◦F)
• ρ = 0.001201 Kg/L (0.075 lbs/ft3)
β Restriction factor
φ =
[
n2
n−1
(
2
n+1
)n+1
n−1
] 1
2
C = CaCd
A Effective orifice area (m2)
Pu Upstream pressure (Pa)
N =
√
X
Xc
[
Xc+1
X+1
]n+1
n−1
Tu Upstream temperature (Pa)
g Acceleration due to gravity (m/s2)
cp = 1017.3 (J/kg-K)
Ca = 0.038 (Experimentally determined valve tuning coefficient)
Cd Coefficient of discharge
X = r
n−1
n − 1
Xc =
n−1
2
r = PuPd
Pd downstream pressure (Pa)
n = 1.39470
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In order to define the correct sign convection that is defined for the system, Eq. 3.14 is
transformed into
m˙ = sign (Psp − Pres) φCAPuβ√
Tu
(3.15)
3.6 Linearized Model
In order to construct the plant model for the LQI controller, the plant must be linearized.
The nonlinear model that was previously derived was used to obtain a linearized model. In
this linearized model, the forces generated by the suspension system are expressed in terms of
the inertial position.
3.6.1 Spring Rate
To derive a linear spring rate, Eq. 3.8 is linearized using the Taylor series expansion to
produce
P˙sp = − nRT
Vsp(e)
m˙− nPsp(e)
Vsp(e)
V˙sp (3.16)
Since volume is a function of height
V˙sp =
dVsp
dh
∣∣∣∣
e
dh
dt
= νh˙ (3.17)
Equation 3.16 can now be rewritten with the substitution of Eq. 3.17 to yield
P˙sp = − nRT
Vsp(e)
m˙− nνPsp(e)
Vsp(e)
h˙ (3.18)
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Where the term ν is often the approximate value of As at static ride height [11]. The
resulting linearized spring force of system just considering the stiffness air spring can be derived
from the following equations
F˙ = P˙spAsp (3.19)
P˙sp = − nRT
Vsp(e)
m˙− nνPsp(e)Asp
Vsp(e)
h˙ (3.20)
When m˙ = 0
F˙ =
nνPsp(e)Asp
Vsp(e)
h˙ = −Ksph˙ (3.21)
From Eq. 3.21, the change in force is now linearly related to a change in height with spring
stiffness defined as
Ksp =
nνPsp(e)Asp
Vsp(e)
(3.22)
Note that this linearized spring stiffness will produce a similar value to that of calculations
done by using Eq. 2.2 but, is derived with variables that are consistent with the nonlinear
derivation.
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CHAPTER 4. SYSTEM IDENTIFICATION
In the previous chapter, the model of the suspension system configuration under consid-
eration was developed from first principles. In the derivations it was discovered that there
are many properties of this prototype system that have not been characterized and need to
be experimentally determined. In order to validate the model and further tune the nonlin-
ear characteristics of the model, extensive simulation studies were conducted and simulation
data was compared with experiments. This chapter presents the system identification work
performed to fine tune the parameters in the model. As previously stated, all of the system’s
testing was conducted on a custom designed testing apparatus. A detailed description of the
testing apparatus is presented in Chapter 6. In order to effectively determine specific system
characteristics, the suspension system was loaded with a constant mass and set to maintain a
constant ride height for all of the characterization analysis. The properties for the benchmark
suspension system are given in Table 4.1.
Table 4.1: Suspension Properties of Benchmark System
Parameter Value (Imperial) Value (SI)
Initial Pressure 56.58 psi 3.90 Bar
Ride Height 7.22 in 183.4 mm
Supported Mass 18.6 slug 271 Kg
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4.1 Pressure - Volume Tester
To simulate the prototype system, the spring volume needed to be characterized for all
operable spring heights. However, direct volume measurements of a nonrigid elastic object is
not easily obtained. To aid in the characterization, the Pressure - Volume Tester (PVT) was
designed. The PVT is an apparatus designed to obtain the pressure to volume relationship for
any air spring within a given footprint.
4.1.1 PVT Construction
 
Working 
Chamber 
 
Measurement 
Chamber  
Figure 4.1: PVT Chambers
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The PVT was designed to measure the volume of the air spring from the relative displace-
ment of fluid from a known state. This was accomplished by utilizing two separate reservoirs
that share a common passageway through which fluid can flow as shown in Figure 4.1. The
first reservoir, named the Working Chamber, was designed to restrain the test specimen to a
desired height. The second reservoir, named the Measurement Chamber, was designed to sense
the volume differential by measuring the change in height of the fluid within the chamber. The
Working Chamber’s hull is a section of PVC pipe that is positioned between rubber gaskets on
two steel plates. A watertight seal is obtained from compressing the two steel plates together
through the use of the steel support structures.
 
Pressure 
Gauge 
Ball Valve 
Threaded 
Measurement  
Chamber 
Connection 
Pneumatic 
Drain Valve 
Water 
Drain 
Figure 4.2: PVT Features
To allow for adjustments to be made to the air springs without draining the Working
Chamber, an access hole was cut in the top steel plate and rubber gasket. To cover the hole, a
custom lid was designed to allow for the system to be sealed during testing. In order to assure
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that the Working Chamber fills to the appropriate level with water, a ball valve was placed
on the lid. This allows for the evacuation of air during the filling process of the Working and
Measurement Chambers. The Measurement Chamber consists of a transparent acrylic pipe
that extends vertically from the PVC passageway. Height measurements are obtained from
a ruler placed on the side of the pipe. To allow various sizes of air springs to be tested, the
Measurement Chamber is interchangeable and can be replaced with any pipe that has has a 2
inch (50.8 mm) NPT male thread.
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Figure 4.3: PVT Section View of Working Chamber
Inside the Working Chamber, the removable base is at a fixed height to constrain the
position of the bottom air spring to the centerline of the Working Chamber. On the opposite
end, the air spring is constrained by a plate that incorporates spring loaded pins. These pins
mate with locating holes drilled at 6.35 mm (0.25 in) increments on the retaining cage as shown
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in Figure 4.3. Compressed air is supplied to the air spring by connecting the DOT certified
plumbing to a common pneumatic quick connect coupling. The air spring’s pressure is regulated
through the use of a ball valve, and is measured using an analog pressure gauge. The water
used in the system is also regulated from the use of a ball valve and is plumbed to supply both
chambers with water through the use of the PVC passageway.
4.2 Volume Characterization
4.2.1 Static Spring Volume
 Description Assembly Order No.
 Blind nut, 1/4 NPT W26-358-9025
 
Assembly weight ........................................................ 1.5 lbs.
Natural
Frequency
CPM HZ
20
18
16
14
12
10
8
6
4
2
0
1 1
MAX. HT . MIN. HT
4.5”
60 Psi g
20 Psi g
100 Psi g
80 Psi g
40 Psi g
120 Psi g
20
18
16
14
12
10
8
6
4
2
0
1 0 9 8 7 6 5 4
Do not use Airstroke in
shaded area without
consulting Firestone
Vo lume
100 Psi g
RECOMMENDED 
AIRMOUNT 
DESIGN HEIGHT 
7.25 INCHES
HEIGHT IN.
HEIGHT
3.22
5.70 MAX O.D.
AT 100 PSIG
15-20 IN. LBS.
TORQUE
3/8-16 UNC-2B
(0.56 DEEP)
4.76 DIA.
1/4 NPT
AIR INLET
3.59 DIA.
3/8-16 UNC-2B
(0.50 DEEP)
25-30 IN. LBS.
TORQUE
2.75
0.98
1.31
1.375
NOTE: Recommended operating pressure not to 
exceed 100 psig.
See page 12 for instructions on how to use chart.
VO
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x 
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0
Style 
110/70
Two  
Ply  
Bellows
Force Table (Use for Airstroke™ actuator design)
  Volume   Pounds Force 
 Assembly @ 100
 Height PSIG @20 @40 @60 @80 @100
 (in.) (in3) PSIG PSIG PSIG PSIG PSIG
 9 108 200 415 655 900 1145
 8 96 200 415 655 910 1155
 7 84 205 430 670 915 1160
 6 71 220 445 690 935 1200
 5 58 300 515 790 1050 1325
86
110/70
CONSULT FIRESTONE
BEFORE USING AS 
AIRMOUNT
Recommended  
Design Position Static 
Pressure 0-100 psi
Dynamic Characteristics at 7.25 in. Design Height
(Required for Airmount isolator design only)
     Volume @ 100 PSIG = 87 in3
 Gage  Spring
 Pressure Load Rate
 (PSIG) (lbs.) (lbs./ in.)
 40 430 132 104 1.73
 60 670 181 98 1.63
 80 910 230 94 1.57
 100 1160 279 92 1.53
Figure 4.4: Air Spring Specification Sheet [5]
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In the case of some manufacturers such as Firestone, the manufacturer’s data is available
for the static pressure-volume relationship. In such cases, the PVT data is not needed but
can be used for verification. In general, such data is not available for all air springs in the
market and therefore, the PVT apparatus becomes an essential apparatus to obtain such data.
Since a Firestone air spring was chosen for the prototype system, the PVT was not used to
characterize the air spring. Instead, the manufacturer’s supplied data was used and shown in
Figure 4.4. The plot in Figure 4.4 shows the relationship of spring volumes at discrete constant
pressures while the spring height is varied. As it pertains to this Firestone air spring, the lines
of constant pressure in respect to volume from the Static Data Charts, were fitted with third
order polynomials with respect to spring height. The third order polynomial equations were
calculated using Matlab’s polynomial fitting tool and are plotted in Figure 4.5.
Figure 4.5: Static Volume Fittings
To define the volume at a static ride height, the following measurements are needed: ride
height and internal pressure. Ride height is obtained by taking the difference between xo and
xi. Internal pressure is obtained by reading the signal from the air spring’s pressure transducer.
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In order to allow the suspension system to effectively use the volumetric data plotted in Figure
4.5, a lookup table was generated to allow the system inputs to be processed. The lookup table
data points can be as displayed as a mesh plot in Figure 4.6.
Figure 4.6: Static Lookup Table
4.2.2 Dynamic Spring Volume
Unlike the static volume calculations, the dynamic volume is calculated under the assump-
tion that the spring maintains a fixed mass of air. To characterize the volume throughout
the travel of the spring, the polytropic gas law is used. From Eq. 1.6 the law defines the
relationship of two states of pressure and volume for a constant mass of air. The first state
is representative of the properties at static ride height. From this state, following states are
calculated through the use of the Volume Curve shown in Figure 4.4. The Volume Curve plots
the volume of the air spring throughout its travel while being regulated at 6.895 Bar (100 psi).
The Volume Curve data is then used to calculate the theoretical internal pressure at the desired
points in the travel. The internal pressure can be expressed as
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Pspa = Pspa(e)
(
Vsp(e)100psi
Vsp(e)
)n
(4.1)
Where Vsp(e)100psi is the volume of the air spring positioned at the designated ride height
at 100 psi. After rearranging Eq. 1.6 to directly solve for volume, the volume at any point of
the springs travel from a given initial condition can be expressed as
Vsp = Vsp(e)
(
Pspa
Pspa(e)
)−1
n
(4.2)
A lookup table was produced to allow the dynamic volume to be calculated over the usable
design travel of the spring. An example of the volume to ride height correlation from the
benchmark system initial conditions given in Table 4.1 is shown in Figure 4.7.
Figure 4.7: Air Spring Volume
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4.3 Effective Area
The effective area of the air spring it characterized form the Force Table shown in Figure
4.4. The formula for calculating the effective area was previously given in Eq. 2.1. To allow
the system to exploit the effective area data, the effective area is calculated as a function of
ride height. This correlation is obtained from utilizing the corresponding force and pressure
data displayed in the Force Table to calculate the theoretical area. With this correlation, the
ride height feedback allows the system to track the effective area throughout the stroke of the
spring. Using the benchmark system initial conditions in Table 4.1, the effective area with
respect to ride height is shown in Figure 4.8.
Figure 4.8: Air Spring Effective Area
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4.4 System Damping
System damping was determined by using the logarithmic decrement method as presented
in section 3.3.2. It was determined that a step input of 25.4 mm (1 in) peak was to be used
to allow the system to have a substantial transient response. Data was captured over a series
of multiple step inputs to allow for analysis to be conducted from positive and negative step
commands. A section section of the captured data is shown in Figure 4.9
Command
System Response
x0
x1
x2
x3
xf
Figure 4.9: Closed Valve Transient Response from Step Input
One of the main limitations with Eq. 3.12 is that it relies on the knowledge of the systems
mass. In order to determine the mass of an operator cabin where is it not possible to individually
weigh the suspended load, a measurement process was created. Using the static air spring data
in Figure 4.4 and the two air spring feedback signals of pressure and ride height, the suspended
load can be calculated through the use of a linear interpolating lookup table. To verify the
lookup table values, differing known loads were applied to the suspension and compared to the
calculated values. In the trials ran, the calculated loads were within +10%/-0% of the known
applied load. Over a series of testing, it was determined that the air springs effective damping
coefficient is equal to Cspr = 472 N−s/m
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4.5 Plant Validation
Simulations were ran by Mathworks’ Simulink R© software utilizing the nonlinear equations
derived in Chapter 3. In order to analyze the complete dynamics of the system the parameters
of displacement, acceleration, spring pressure and reservoir pressure were compared. The model
was refined until an acceptable amount of system error was reached. This model was used as
a basis for further tuning by the use of experimental data. Data was captured at every 5%
orifice opening interval from 0% to 100%. A summary of these experimental tests is displayed
in Figures 4.10 - 4.39.
Figure 4.10: 0% Transient Displacement Response from Step Input
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Figure 4.12 Acceleration Response
Figure 4.13 Pressure Responses
Figure 4.14: 0% Transient Responses from Step Input
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Figure 4.15: 10% Displacement Response from Step Input
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Figure 4.17 Acceleration Response
Figure 4.18 Pressure Responses
Figure 4.19: 10% Transient Responses from Step Input
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Figure 4.20: 40% Displacement Response from Step Input
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Figure 4.22 Acceleration Response
Figure 4.23 Pressure Responses
Figure 4.24: 40% Transient Responses from Step Input
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Figure 4.25: 60% Displacement Response from Step Input
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Figure 4.27 Acceleration Response
Figure 4.28 Pressure Responses
Figure 4.29: 60% Transient Responses from Step Input
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Figure 4.30: 80% Displacment Response from Step Input
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Figure 4.32 Acceleration Response
Figure 4.33 Pressure Responses
Figure 4.34: 80% Transient Responses from Step Input
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Figure 4.35: 100% Transient Response from Step Input
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Figure 4.37 Acceleration Response
Figure 4.38 Pressure Responses
Figure 4.39: 100% Transient Responses from Step Input
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From Figures 4.10 - 4.29 the data shows the plant model captures the dynamics of the
physical plant with a relatively small amount of error as compared to the mean transient
response of the prototype system. The mean and standard error data sets was obtained from
a sample size of 5 experiments. As shown in displacement figures of the orifice openings that
range from 10% - 60%, the plant model can accurately portray the initial overshoot within one
standard error. In the acceleration figures, the data shows that the plant possesses a similar
trend to the mean data but does not possess as close of a correlation as the displacement
metric. The largest error that the plant model exhibits is seen in the pressures of the air spring
and reservoir. From analyzing the pressure simulation data, the plant model incorporates
approximately an 0.1 Bar (1.45 psi) bias from the collected data. As the valve is adjusted to
larger openings, the correlating fits degrade. In the modes of operation past 60 % opening, the
plant model compounds error in all of the metrics captured. Figures 4.30 - 4.39 show the range
of operation where the plant model incorporates additional error compared to the physical
system.
It is hypothesized that the increased error present in Figures 4.30 - 4.39, can be contributed
from two different aspects. The first possible source of error could be contributed to operating
outside range of acceptable accuracy of the nonlinear damping of the system. The second
aspect could be contributed to change in spring rate as the system adjusts the net volume of
air being utilized. Utilizing the variable orifice valve, the system’s volume can be adjusted from
operating purely from the air spring to a volume that is comprised of the air spring and the
reservoir. The equivalent stiffness of the system when considering the volumes of the spring
and reservoir is derived in [11]. For the purpose of this research, the stiffness of the system
only considers the effects of the air spring. The dynamics of the valve opening effect on spring
rate will be a follow-on research effort. Since the system closely captures the system dynamics
to 60 % orifice opening and does not produce a gross amount of error in the larger openings, it
was determined that the plant model fidelity would suffice for controller synthesis. In addition
it was hypothesized that the relatively small pressure bias could be contributed to addition
impedances of the plumbing that was not captured in the plant modeling.
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4.6 Variable Orifice Valve
Figure 4.40: Variable Orifice Valve Command Voltage to Orifice Opening
To effectively modulate the variable orifice valve, the command input to valve opening
correlation must be determined. As previously stated in the component selection section, the
same valve that was used in previous iterations was chosen for the system. As a result of the
extensive study that was conducted on the valve in [12], the characterization of command signal
to valve opening was produced. It was determined that the two boundary command voltage of
0% and 100% needed to be changed. This was concluded due to the system commanding the
valve to be closed, yet the system was supplying a non zero voltage and allowing the valve to pass
air through the orifice. This was changed to have the correlation incorporate a discontinuity
that supplies a zero voltage output when the valve is commanded to a 0% opening. This same
aspect was implemented at the other end of the spectrum to output the maximum voltage
output at when the valve is command to a 100% opening. While these changes result in a
relatively large numerical change at the boundaries, the characteristic relationship experiences
minimal change. The comparison between the new and old correlations is shown in Figure 4.40.
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4.7 Height Control System Valve
1.14-3
Flow Characteristics/3 PortOperation Principle Diagram
Flow Characteristics/2 Port
The spool controls the sleeve's opening through 
the balance between the proportional solenoid's 
pulling force (F1) and the spring's reaction force 
(F2). The spool moves in accordance with the 
amperage that is applied to the proportional 
solenoid, thus controlling the flow rate.
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Figure 4.41: Height Control Valve Current to Orifice Opening
With the new addition of the height system, the height control valve was changed from
mechanical actuation to electronic actuation. The SMC VEF21131-1-03 is made to operate
with the matched power amplifier model number VEA250. Unlike the variable orifice valve,
the manufacturer supplied data on the correlation of current to effective area of the valve is
available and is shown in Figure 4.41.
However, SMC does not publish the command voltage versus current output correlation of
VEA250 power amplifier needed to allow the data shown in Figure 4.41 to be used. To obtain
the command voltage to current output relationship of the amplifier, a digital multimeter was
used to measure the current output of the amplifier as the voltage was swept from 0-5 VDC.
The correlation was found to be a linear relationship from which the a linear governing equation
was modeled. In this application of the valve, a fine degree of control is not needed as the valve
functions in a relatively slow acting dynamic system. It was determined that with the wider
tolerance the characteristic data from Figure 4.41 could be approximated to be fitted by a
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third order polynomial in terms of current. The two known correlations were then combined
to produce the relationship of voltage to effective area opening of the height control system as
shown in Figure 4.42.
Figure 4.42: Height Control Valve Command Voltage to Orifice Opening
67
CHAPTER 5. CONTROLLER DEVELOPMENT
This chapter presents different controller designs for the prototype system under consider-
ation and the comparison of these controllers with respect to their vibration isolation perfor-
mance. The controller designs that are used and compared for the prototype suspension are
LQI, Modified Skyhook, and Relative Displacement.
5.1 Semi-Active Controllers
5.1.1 Approach
The development of the semi-active controllers was based on a modified approach from MR
controller design. The motivation to use the concepts from MR controller design was based on
the fact that there are similarities in the characteristics of the two systems. In a typical semi-
active controller design, system feedback signals allow the controller to modulate the control
force that is being supplied by the active component. The methodology for obtaining the
measurements required for sate-feedback controller will be covered in Chapter 6. A typical semi-
active controller design involves synthesizing an appropriate gain for the valve and switching
logic to ensure that the desired force is generated in appropriate direction during the operation.
With the control scheme, the system can actively adjust the effective damping while keeping
a fixed natural frequency to produce a better quality ride. However, unlike MR damper-based
control systems the fully pneumatic control system uses a combination of a variable orifice and a
reservoir to allow the system to adjust both the damping and natural frequency. With the fully
pneumatic configuration, all of the system forces are generated from the air spring instead of
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being supplied between the combination of the air spring and the damper unit. This allows the
net force of the system to be measured through one component by calculating the product of
the direct air spring pressure and effective area feedback. Since the net force generation of the
suspension can be controlled through the air spring switching logic, the logic can be refined to
exploit this unique feature. The adapted switching logic has been changed to allow the control
algorithm to adjust the value opening to track the generated force to the ideal force determined
by the controller only when it the forces lie within a predefined window of operation. When
the forces are outside of this operation window, the switching logic commands the valve open
to minimize the force generation. The operation window is defined from the ability to dissipate
power. The criteria to allow for power to be dissipated is governed by the constitutive law for
mechanical power dissipation is expressed as [8].
Pd = FdVrel ≥ 0 (5.1)
Where Fd is the damping force and Vrel is the relative velocity between the two attachment
points of the damper. This limitation of semi-active suspensions being restricted to purely
power dissipation operation is previously shown in Figure 1.1. In addition to individual high
level control methodologies, each controller is coupled with the adapted switching logic and the
Set-Point + PI Tracking Controller.
5.1.2 Set-Point + PI Tracking Controller
Once the controller senses that an appropriate damping force can be generated the Set-
Point + PI Tracking controller allows the system to effectively drive the variable orifice valve
to produce the desired force Fd. In order to measure the net force Fnet, the valve is commanded
shut and force can be calculated from the internal spring pressure and the calculated effective
area. When the net force is with-in the predefined distance specified by the Set Point, the valve
is commanded to operate from the PI Tracking Control law which can be expressed as [12]
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Orifice% = Kp (Fd − Fnet) +Ki
∫ t2
t1
(Fd − Fnet) dt (5.2)
Where Orifice% is the percentage of the total orifice ranging from 0 - 100 %, and Kp and
Ki are the proportional and integral control gains. In application, this control law coupled
with the switching logic typically results in a short window for valve actuation. This window
of effective operation is clearly noted in [12] and is not considered to be in the scope for of
furthering development of the controller.
5.1.3 LQI with Semi-Active Tracking Controller
The first controller that was developed as a result of previous research, is referred to as LQI
with Semi-Active Tracking Controller. This controller is based off of Covariance Control frame-
work and was exclusively designed to be implemented on semi-active fully pneumatic suspension
systems. The LQI controller utilizes state feedback of inertial measurements: displacement and
velocity and pressure measurement of the air spring. A comprehensive presentation of the con-
troller development is documented in [12]. This thesis presents a modified summary of the
controller design for completeness.
Covariance control theory is based on the generation of a linear feedback controller designed
to allow a closed-loop system to achieve specified state covariances. This allows performance
requirements to be defined by Root-Mean-Square (RMS) values rather than nominal values.
This is especially advantageous in suspension design where most of the performance design
characteristics are measured in RMS values such as displacement, velocity, and acceleration.
In order to properly synthesize the LQI controller, the plant model must be constructed in to
a LTI system that is in the following form
x˙ = Ax+Bu+Dw wi(t) = wiδ(t)
y = Cx
(5.3)
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Where vectors x,u,w, and y are state, input, disturbance, and output vectors respectively
and A, B, C, and D are state-space matrices. A fictitious damper is modeled to represent the
additional force that is generated by the control gain to achieve the optimal dynamic response.
After incorporating the new fictitious damper, the system is shown in Figure 5.1
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Figure 5.1: LQI Plant Modeling
As a result, the governing force balance can be modeled as
Mx¨o = −ksp(xo − xi)− Cb(x˙o − x˙i)− Fd (5.4)
Where Fd is the commanded damping force that will be determined by the active controller
in the form of
 x˙ix˙rel > 0 Fd = Gxx˙ix˙rel > 0 Fd = 0 (5.5)
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Where G is the gain matrix and x = [xo x˙o]
T . Equation 5.4 can now be written in state
space format as follows
x˙o =
 0 1−ksp
M
−Cb
M
α+
 0
−1
M
Fd +
 0 0
ksp
M
Cb
M
β
y =
1 0
0 1
α
(5.6)
Where α = [xi x˙i]
T , β = [xo x˙o]
T , and Fd = Gx. In this research the disturbance model
was not utilized in the process of producing the LQI plant model. It is noted in [12], that
it is desired to have some insight to the magnitude of the disturbances that environment will
present but, it is not necessary to obtain a good controller design.
To obtain the control gain matrix G, the LQ optimal algorithm is utilized. The LQ optimal
algorithm is designed to produce a gain value that will allow the system to operate with the
smallest possible RMS valves given a desired RMS upper threshold. In order derive the optimal
gain, the algorithm iterates on the R or Q weightings to minimize the combination of control
energy and the weighted combination of the states. The gain matrix is determined by solving
the following optimal control problem [12].
The performance index is defined as
min J =
nx+nz∑
i=1
∫ ∞
0
[uT (i, t)Ru(i, t)]dt, R > 0 (5.7)
With the system
x˙ = Ax+Bu+Dw wi(t) = ωiδ(t) xi(0) = xi0
y = Cx
(5.8)
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The solution is given as
u = Gx (5.9)
G = −R−1BTK (5.10)
where K satisfies the Algebraic Riccati Equation
0 = KA+ATK −KBR−1BTK + CTQC (5.11)
and the minimum cost of the function can be evaluated from
λ = trK
(
DWDT +Xo
)
= trX
(
CTQC +GTRG
)
(5.12)
where X is the solution to
0 = X (A+BG)T + (A+BG)X +DWDT +Xo (5.13)
In order for the algorithm to converge to a solution, the desired RMS valves must be scaled
to a reasonable value that is unique for every system. In order to define a starting point for
a desired RMS value, the algorithm calculates the output of the open loop system. From this
open loop RMS value, the limits of the logical desired RMS valves must be determined from
testing analysis.
5.1.4 Modified Skyhook with Semi-Active Tracking Controller
The second controller that utilized is referred to as the Modified Skyhook with Semi-Active
Tracking. This controller methodology is commonly used in semi-active suspensions equipped
with MR dampers. The controller gets its name from the method in which it determines the
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desired damping force. The Modified Skyhook controller approximates the damping force that
could be generated if a fictitious damper was attached between the systems suspended mass
and the sky as seen in Figure 5.2.
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Figure 5.2: Skyhook Suspension Configuration
The modified skyhook controller utilizes the feedback signals of relative velocity x˙rel which
can be expressed as x˙rel = x˙o − x˙i and the inertial velocity x˙o. The control gain Gsky is
commonly selected in accordance to the MR damper characteristics. The governing Skyhook
control law that was implemented can be expressed as
 x˙ix˙rel > 0 Fd = Gskyx˙ox˙ix˙rel > 0 Fd = 0 (5.14)
However, to set the gain Gsky for the prototype pneumatic system, the gain cannot be
selected from the piecewise linear force versus relative velocity profiles of a typical MR damper.
In the case of the prototype suspension, the Skyhook control methodology needed to be modified
to account for the pneumatic system dynamics.
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Force Measurement Since the pneumatic system does not have a linear force versus velocity
correlation, the force feedback will be measured using the effective area and air spring
pressure.
Gain Value The gain value Gsky, will be determined based on iterative performance based
analysis of data that will be collected from evaluating the system on the test apparatus.
Desired Force Fd To effectively use the Set-Point + PI Tracking controller the desired force
Fd will be defined as
Fd = Gskyx˙ (5.15)
where x˙ is the absolute velocity of the suspended mass.
5.1.5 Relative Position with Semi-Active Tracking Controller
The final controller that will used in the prototype pneumatic suspension is referred to as
the Relative Position with Semi-Active Tracking Controller. This controller was developed in
an effort incorporate a semi-active controller that operates from cost effective feedback measure-
ment signals. In the previous two controllers, the controllers required the inertial measurement
of velocity. The velocity information can be obtained by differentiating the displacement mea-
surements but these tend to be very noisy. However, position measurements can be obtained
affordably directly from a respective transducer. The Relative Position with Semi-Active Track-
ing Controller uses the inertial feedback of position and the air spring pressure measurement.
The system integration of the controller is shown in Figure 5.3.The control law that governs
this controller can be effectively expressed as
 x˙ix˙rel > 0 Fd = GFxxrelx˙ix˙rel > 0 Fd = 0 (5.16)
where xrel = xi − xo.
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Figure 5.3: Relative Displacement Configuration
Note the same switching logic that is used in the other controllers will be utilized. Also
the same nomenclature as used in [12] with be used to refer to the experimental controller in
shorthand notation as the Fx controller. In order to determine the appropriate gain GFx, an
iterative performance based analysis was conducted from evaluating collected system data.
5.1.6 Remarks
While the previous work in the literature [10],[12] & [17] has addressed the effectiveness
of purely pneumatic isolation (or suspension) devices compared to the traditional and state-
of-the-art systems, the research on obtaining a high-fidelity model of the dynamics of the
pneumatic system is lacking. Also, the controller synthesis methodologies that can particularly
take advantage of continuously varying natural frequency and damping characteristics of the
system and not fully explored. This research helps in gaining deeper understanding of the
dynamics that is evolving during the operation of such system and also provides methodology
to obtain a more accurate model of the system. The new controller design approach proposed
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also yields a much superior controller compared to the existing designs. Given below are some
important aspects of this work.
Nonlinear Effective Area In the newly developed controller design the nonlinear state feed-
back is exploited from the ride height feedback signal to allow the effective area to be
calculated throughout the entire stoke of the spring. The controller also has the capabil-
ity to readjust the effective area calculations based on the initial system parameters to
update the initial conditions a new static state is presented.
Direct Pressure Based Force Measurement In the previous iteration of control laws, the
force generated from the spring stiffness was calculated from decomposing the air spring
pressure into two pressures. The first component of the decoupled pressure was estimated
to contribute directly to support the suspended weight and the other pressure estimated
to account for the forces that generated as the air spring operates from the static equilib-
rium point. This correlation is no longer needed because the static pressure versus force
characterization provided by the manufacturer specification sheet can be directly used in
the proposed methodology. .
5.2 Height Control System
5.2.1 Introduction
One of the unique characteristic that the pneumatic suspension systems posses over mechan-
ical suspension systems, is their ability to keep a desired design height with differing suspended
loads. Unlike mechanical springs, pneumatic springs have the ability to adjust there stiffness.
From this ability, the desired ride height of suspended mass can be maintained by the regula-
tion of the working pressure, thus allowing a force to be generated that is equal and opposite
of the load. The device that enables the common pneumatic system to maintain the desired
level is the height control valve. The height control valve is a mechanically operated directional
control valve. The valve is commonly attached to the unsprung mass of the suspension and is
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actuated through linkage that is set to a designated length and connected to the sprung mass of
the suspension system. Depending on the suspension’s application, the height control valve can
be manufactured to impart various different dynamics responses. Some of the common control
setting for a height control valve include: immediate response, time delay and integral dump.
As stated in Section 2.3.5, regardless of the design characteristics of the height control valve,
it does not allow for the functionality required by the prototype suspension. In the following
sections a detailed height controller design process will be presented.
In order to effectively design a height controller for the height control system, the system
must be able to satisfy the requirements of allowing the operator to adjust system height, ac-
tuation thresholds and flow rates as previously stated in Section 2.3.5. With the new electronic
architecture, these operator specified inputs will be implemented in the development of the
algorithm used to drive the DC solenoid actuated valves.
5.2.2 Design Requirements
The first requirement of adjustable hight will be accomplished by utilizing a Proportional
Integral (PI) controller that operates from inertial position feedback signal. Unlike like the
mechanically actuated height control valve that has linkage adjusted to a specified distance,
the PI controller will allow the operator to effectively select a ride height thought the use of a
Human Machine Interface (HMI). This requirement was determined to accommodate differing
operator heights in the seat application and allow the cabin to have the ability adjust its ride
height to better compensate for terrain. In order to drive the DC proportional valves, the
following control law for the PI controller was developed.
Orval = Kp (xcom − xrel) +Ki
∫ t2
t1
(xcom − xrel) dt (5.17)
WhereKp andKi are the proportional and integral gains, xcom is the commanded ride height
and Orval is expressed to represent a percentage of valve opening. Orval is then multiplied by
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the total orifice area to return the corresponding orifice area for height control valves shown in
Figure 4.42.
The second requirement, adjustable actuation thresholds, was determined to allow for dif-
ferent dynamic responses to be commanded just like the common mechanical actuated valve.
These varying dynamic characteristic are available because of the required response to the dif-
ferent suspension systems. In general commercial trucks are designed to haul raw materials
from one site to another desired location. In order to load and unload the payload of the truck,
it often has to drive over rough unpaved terrain. While the truck is navigating over this rough
terrain the suspension is being excited with relatively large magnitude inputs resulting in an
elevated amount of deflection. If the suspension is equipped with an immediate response height
control valve the system is continuously trying to regulate the appropriate air need to maintain
the desired ride height of the valve. Through this regulation, the cabin is constrained to a small
stroke of operation and the cab suspension is not able to dissipate large amounts of energy.
This valve actuation can lead to undesired transient responses and elevated actuation of both
the valve and compressed air supply. If this elevated level of operation is maintained, this can
result in excessive wear on the internal valve components and decrease in fuel economy as the
on-board air compressor maintains a elevated load to compensate for the compressed air that is
being expelled from the system. However, if a time delay valve is used, the suspension system
now has the ability to traverse rough terrain and not have the height controller consistently
actuating. The major advantage for the time delay valve is that the suspended mass is free to
move through the stroke of the suspension and as long as the mass comes back to its equilibrium
position within the time delay of the valve.
Depending on the amount of jounce, rebound and the desired height response of the sus-
pension, the height controller defines four separate zones of operation as shown in Figure 5.4.
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Figure 5.4: Height Controller Zones
Where each zone and their significance can be defined as
Zone 0 is the smallest zone of operation and can be thought of as the target zone of the height
control system. This zone defines range that the height control is set to maintain within
a desired variance of the command height. A range is effectively used instead of a single
value to allow the system to operate with inevitable noise from the position feedback.
Zone 1 can be thought of as the dead band of the height control system. This zone defines
range of operation where the suspension system can operate without the influence of any
control effort. Unlike the mechanically actuated valve, the effective dead band of this
system is not the smallest tolerance zone. As previously stated, Zone 0 is segregated
to allow the system to command the system to a tighter tolerance with respect to the
nominal command height. With the addition of the second zone with inside the dead band
area of the valve, it allows the system to eliminate the common compromise of precise
ride height and effective height modulation.
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Zone 2 defines the area outside of dead band of the system to a designated location that is
considered the threshold of stroke for normal operation. All the zones that lie inside the
threshold of this zone are considered to be designed for 90 % of all operation.
Zone 3 consists of the remaining 10% of the extreme suspension operation that is defined as
any position that lies outside Zone 2’s threshold.
In the case of the prototype design, the electrical architecture allows for the flow rate of the
valves to be tuned through the magnitude of the command signal. This enables flow rates of
valve to be modulated by adjusting the gain values of the PI tracking controller. The system
also posses the ability to allow for differing PI controllers to be utilized for the actuation of
the supply and exhaust valves. This is advantageous because when controlling the air for the
system various pressure differentials can exist over the respective valves. Depending on the
magnitude of the pressure differential, the mass flow rate as derived in Eq.3.15 and can greatly
impacted. To determine the proper gain values for the PI controllers, the system performance
was analyzed thought iterative analysis. The final gains were selected when the system was
positioned within the bounds defined by Zone 0 after a series of step inputs at 25.4 mm (1 in)
peak amplitudes.
5.2.3 Height with PI Tracking Controller
The final aspect of the Height Control System was to develop the logic to control the
selection of the pneumatic valve. The switch logic was developed to allow the system to
accommodate various time delays, and a custom tracking criteria for the PI controller. Since
the height control system exercises the use of two valves, the logic as constructed to insure
that only one valve could be actuated at a time for effective operation. The switching logic
that determines the appropriate valve selection is simply defined from determining the sign of
the difference between xcom and xrel. Intuitively if the sign is positive the system is positioned
above the command signal and air must be exhausted, whereas if the sign is negative the
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system is positioned below the command height and must be supplied additional air. After
the appropriate valve is determined, the tracking logic is applied in conjugation with the PI
controller. The tracking logic that was developed can be described by the truth table seen in
Table 5.1
Table 5.1: Height Control System Truth Table
Inputs Outputs
Zone Rundown Latch Rundown
0 0 1 0
1 0 1 0
0 1 1 0
1 1 1 1
< 1 1 0 1
< 1 0 0 1
Where Rundown is the state variable designed to indicate that the respective supply or
exhaust valve should be actuated to command the system back to Zone 0 and Latch is state
variable designed to tell that system that the suspended mass is in Zone 2. In order to allow
the system to track the amount of time that the system is in Zone 2, the logic is designed to
utilized the value of the Latch state variable. This allows for an adjustable time delay to be
implemented in to the system for additional functionality. To fully convey how this logic is
implemented, Table 5.1 will be broken down row by row.
Row 1 The system is operating in Zone 0 and is experiencing minimal to zero excitation.
Row 2 The system is operating in Zone 1 and is operating within the normal range of operation
without influence from the height control system
Row 3 The system has just entered Zone 0 from being commanded from an operation zone
that lies outside of Zone 1. Since the system has returned to Zone 1, the Rundown trigger
is reset.
Row 4 The system has been commanded to return back to Zone 0 but has not yet reached
the final destination, thus the Rundown trigger has not been reset.
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Row 5 The system is in a similar mode of operation as that of Row 4 but this time the system
is in a zone that is further away from Zone 0.
Row 6 The system is operating in a zone that could potentially actuate controlling effort. In
this instance the timing criteria for operating in a zone that is outside zone 1 has been
satisfied and the system is commanded to return to Zone 0
Note in Row 6 it states that control effort could be actuated, implying that depending on
the time delay set for the system, it has the ability to operate in zones that are outside of Zone
1 as long as the system does not stay in the zone for a duration longer than the delay. This
can clearly be seen as the developed logic is simulated with user input controlling the height of
the system in Figures 5.5 & 5.6.
Figure 5.5: Simulated Height Controller Positions
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Figure 5.6: Simulated Height Controller Command Voltages
Note in Figure 5.6 that the command signal that is being commanded is not negative but
was adjusted to help emphasize the different valves being actuated.
With the semi-active controllers designed, the prototype suspension unit was then evaluated
on the custom test stand. In the following chapter semi-active controller tuning as well as the
head-to-head performance comparison to the OEM suspension system will be presented.
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CHAPTER 6. SYSTEM TESTING
6.1 Testing Apparatus
 
Suspended Mass 
Air Spring 
Reservoir 
Valves 
Hydraulic 
Base 
Figure 6.1: Shaker Stand
The shaker stand that was used in the suspension testing was a modified prototype rig
that was presented in earlier suspension research [12], [17]. The two main purposes of this
shaker stand was to simulate disturbances that would be seen in real world scenarios and allow
for a suspension system to be tuned in a laboratory environment. This particular testing
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apparatus was designed to evaluate 1-DOF units. The stand is comprised of four main parts:
a hydraulically actuated base, data acquisition hardware, pneumatic control components and
a weight sled as shown in Figure 6.1.
6.1.1 Design
To evaluate the performance of the semi-active controllers, the stand needed to be upgraded.
In this upgrade, it was determined that the new rig design would have the ability to evaluate
OEM suspension system as well as the prototype suspension. This decision was made to
allow the performance of the prototype suspension system to be compared head-to-head to a
benchmark OEM suspension unit. This meant that unlike the prior shaker stand design, the
stand would be constructed using universal connections so that the setup of the test units could
be performed as efficiently as possible. It was determined that the stand would be configured
for cabin suspension system analysis. The three areas to be updated were identified as
• Power Distribution
• Plumbing
• Mounting
In an effort to standardize and organize similar voltage components, power distribution
boxes were constructed. In the new design, the test rig was designed to accommodate electrical
components of varying power requirements, as test suspension units might require specialized
sensing or ECU units. In addition to supplying power to the electrical components, the dis-
tribution boxes also serve as the I/O connection bus for the data acquisition system. The
distribution boxes seamlessly incorporate sensor power and component I/O through the use of
DIN rail terminal blocks. From the terminal blocks, component I/O is then wired to the data
acquisition via BNC cables.
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One of the challenges with accommodating differing pneumatic systems is the sizing of
pneumatic supply to allow for the proper operation of the various components. In order to
accommodate common air brake fitting sizes, a manifold was created. With the use of this
manifold, it eliminated the use of bushings and allows all systems to be tested using the same
base plumbing. The manifold was manufactured with NPT threads to allow for the installation
of DOT fittings which are used throughout the system and all OEM suspension units
Jounce Bumpers 
Adjustable Stops 
Adaptor Plate 
Figure 6.2: Air Spring Mounting Block
To allow for the efficient installation of both prototype and OEM suspension systems, a
modular mounting system was designed and fabricated. The stand was designed to allow the
common suspension unit packaging as depicted in Figure 2.5. To install these suspension units
on the suspension stand, mounting blocks were designed to allow for the use of a standardize
hole pattern. Custom adapter plates were fabricated to convert the tractor mounting hole
pattern to the hole pattern on the shaker stand as seen in Figure 4.4.
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The mounting block also features built in adjustable jounce bumpers as seen in Figure 6.2.
The adjustable jounce bumpers allow for any air spring setup to incorporate travel limits to aid
in the evaluation of prototype designs. To standardized the fastening methods, all components
were designed to be bolt-on. A benifit of having bolt-on components is the ability to adapt the
base block to fit various different sizes of air springs as demonstrated in Figure 6.3.
 
 
Figure 6.3: Extended Air Spring Mounting Block
6.1.2 Data Acquisition
The final aspect of the test rig that was redesigned was the data acquisition system. Data ac-
quisition and control for both the suspension and test stand is performed by dSPACE hardware
and software. The stand utilizes a dSPACE Expansion Box PX-10 with a ds-1005 processor
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board coupled with ds-2003 A/D board and a ds-2103 D/A board. ControlDesk software is
used to interface with the two systems and allow the seamless development from the Simulink
plant models to Hardware In the Loop (HIL) testing on the shaker stand.
Along with the newly developed suspension mounting, the test rig incorporated a modular
sensing system. A challenge of the modular sensing system is the sensor type and placement are
often highly dependent of the individual system’s design. In the case of pneumatic suspension
systems the measurements consist of: excitement profiles and working pressures of pneumatic
components and the inertial position, velocity, and acceleration, .
Position and Velocity Measurements
Position measurements were obtained from the use of string potentiometers that were de-
signed to connect to standard points on the mounting blocks. Velocity measurements were then
calculated from the filtering and differentiation of the position feedback. The two string poten-
tiometers that were used on the test rig were Celesco PT1DC series Cable Actuated Position
Sensors.
Acceleration Measurement
Accelerometers were mounted to the weight sled and base to directly measure their accel-
erations. The accelerometers that were used on the test stand were PCB Piezotronics ICP R©
uniaxial accelerometer model numbers U353B52 and UJ353B52. The accelerometer were con-
ditioned by a PCB Piezotronics ICP R© 16 channel signal conditioner model number 481A01,
then captured by the data acquisition system.
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Pressure Measurement
The air springs internal pressure was obtained through the use of a SSI Technologies P51-
200G-A-P-4.5V pressure transducer. To allow the pressure transducer to be universally utilized
by the test suspension systems, a custom manifold was fabricated and fastened to the sled.
Additional pressure transducers were also placed on the reservoir and on both sides of the
various orifice valve to capture measurements.
6.2 Performance Evaluation
6.2.1 Suspension Setup
Figure 6.4: Air Spring Test Configuration
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The semi-active controller performances were all evaluated using Firestone W26-358-9025
air spring in the configuration shown in Figure 6.4. In this configuration, the stroke of the
bag was limited to a compressed height of 114.3 mm (4.5 in) and extended height of 279.4
mm (11 in) to assure the safe operation of the air spring. To simulate the air supply from the
pneumatic brake system on commercial vehicles, the air pressure was regulated at 6.89 Bar (100
psi) and filtered through a 5 micron air filter. At the beginning of each experiment, the variable
orifice valve commanded open to allow the air springs static parameters to be commanded to
satisfy the values that are specified in Table 4.1. An excitation amplitude of 6.35 mm (0.25
in) peak was selected to simulate road conditions for an average commercial vehicle. To obtain
non-biased semi-active controller performance, the Set-Point + PI tracking controller was held
constant with the following settings shown in Table 6.1.
Table 6.1: Parameters of Set-Point + PI Tracking Controller
Parameter Value
Kp 50
Ki 10
Set-Point 5
In the initial controller testing utilizing full feedback, the system produced sporadic re-
sponses over the frequency range tested. It was then found if the damping feedback was
negated, the performance was greatly enhanced. To validate this claim, each of the three con-
trollers were ran through a battery of tests without the approximated linear damping feedback.
It was concluded that damping feedback approximation was hindering the performance of the
semi-active suspension and was not utilized for the remainder of the tuning process. With-
out the damping feedback the force feedback calculations were operating solely from the force
feedback obtained from the product of the effective area and air spring pressure.
6.2.2 LQI Controller
To begin tuning the LQI controller, the first parameter that needs to be defined is RMS
threshold that is desired of the suspension system. As previously stated in Chapter 5, a logical
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Figure 6.5: LQI Controller Frequency Response
starting RMS value is the open loop RMS value of the system. At the equilibrium state that
was defined from Table 4.1, the open loop RMS values were
(yrms)OL = [0.01483 0.12885]
From this base RMS value, scaling factors were applied and the corresponding gain values
were determined from the LQ optimal algorithm. As stated in the development of the LQI
controller, the LQ optimal algorithm assumes active control where energy can be applied to the
system [12]. Since the semi-active system does not have this capability, there is a performance
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threshold that the system cannot obtain even though the algorithm can converge on an optimal
gain value. The performance limitation is shown in Figure 6.5.
The data that is plotted in Figure 6.5 shows the system response gains as the scaling factor
Kf is decreased. Notice that when Kf = 0.59, the greatest attenuation in system response is
achieved even though the corresponding gain setting does not represent the lowest threshold
setting. At the scaling factor of Kf = 0.59 the desired closed loop RMS value are
(yrms)desired = [0.0087497 0.076021]
Which produces the corresponding gain and closed loop values
G = [4369.8283 1215.509]
(yrms)desired = [0.0087497 0.072551]
It is also important to note in the data collected in Figure 6.5, there is a discontinuity
in the system response that is apparent in the lower frequencies that were evaluated, while
the system seems to converge at the higher frequencies. From the calculations performed, the
system responses that lie under 1.3 Hz are strongly influenced by the resonant frequencies of
the system when utilizing the reservoir volume. Since there is a large attenuation of response
gain in this controller tuning as compared to data presented in Figure 3.3, the data suggests
that the controller adequately commands the valve to provide the resulting response.
6.2.3 Modified Skyhook Controller
The Modified Skyhook controller required a more of an iterative tuning process. With this
Modified Skyhook controller, the base line gain value that was selected was Gsky = 1430 which
corresponds to the final value defined from the previous iteration. From this initial gain, the
gain values were iteratively adjusted as shown in Figure 6.6. Notice the Modified Skyhook
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controller produces a discontinuity in response gain that is opposite of the LQI controller. The
response shown in Figure 6.6 has the response gain increasing as the frequency is increased.
The data suggests that the air spring’s natural frequency has more of an effect because the
effected frequencies lie above 1.39 Hz. After conducting experimental analysis the gain value
was determined to be Gsky = 900.
At this gain value, the system performed the closest to that of LQI performance. It should
also be noted that during the tuning of the controller the gain values were within +200/-200 of
the final gain value produced similar performance. Despite the similar performances the gain
of Gsky = 900 was chosen because of the greatest rate of attenuation in frequency range of 1-2
Hz.
Figure 6.6: Skyhook Controller Frequency Response
94
6.2.4 Relative Displacement
Figure 6.7: Relative Displacement Controller Frequency Response
The final experimental controller, the Fx controller, was evaluated using the same approach
of the Modified Skyhook controller by selecting the previously determined gain value as a
starting point. The initial gain was set to GFx = 2720 and iteratively adjusted. Unlike the
previous two controllers, the Fx controller produced system responses that primarily differed in
the frequency range of approximately 0.8 Hz. The data suggests that the controller is providing
subtle active damping needed Uat the lower frequencies and performs more effectively when
the excitation is at higher frequencies. The final gain value that was obtained was GFx = 3900.
This gain value was again chosen because it allowed the closest performance resemblance to
the LQI controller.
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6.2.5 OEM Peterbilt Suspension
Figure 6.8: OEM Peterbilt Cabin Suspension Unit
The OEM cabin suspension that was evaluated was a cabin suspension unit that utilized
a Firestone air spring model number 06257CA and two Gabriel Fleetline damper units model
number 83025 and an instantaneous response height control valve. In order to properly evaluate
the suspension unit, the load was adjusted until the internal bag pressure reached a static
pressure of approximately 5.5 Bar (80 psi) which corresponded to a mass of 380 Kg. Once the
suspension unit was completely installed, the unit was then characterized to obtain additional
insight of the system’s dynamics. It was found that at the amplitude of 6.35 mm (0.25 in)
peak, higher excitement frequencies were needed to allow the system to significantly flex. After
completing the characterization, the data obtained is plotted in Figure 6.9.
The data plotted in Figure 6.9 shows a very different frequency response in comparison
to the semi-active controller. The response gain remains relatively constant at a magnitude
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of one for the frequency bandwidth of 0.5 - 1.5 Hz. As the frequency is increased, the OEM
system does not provide any response attenuation until frequencies above 3.1 Hz with maximum
response gain at 2.4 Hz. Since the response attenuation is prevented at frequencies above 2.5
Hz, this leads to limited vibration isolation in lower frequency spectrum.
Figure 6.9: OEM Peterbilt Suspension Performance
6.3 Controller Comparison
The semi-active and OEM suspension performances were compared through the simulations
of three separate road profiles of varying intensities and frequencies that were supplied by
various manufacturers and are used in commercial validation. Each of the semi-active controller
97
were tuned with the gain value that was determined from conducting the iterative evaluation.
With the respective gains applied, the system produced the frequency responses plotted in
Figure 6.10.
The suspensions were evaluated according to three different metrics in the vertical plane
consisting of: displacement, acceleration, and Sower Spectrum Density (PSD). The PSD accel-
eration in the frequency domain is plotted in the log-log and linear-linear formats for modal
and ride analysis. As with the controller tuning, the semi-active controllers were adjusted to
possess the equilibrium properties that concur with the values defined in Table 4.1.
Figure 6.10: Suspension Frequency Response
Utilizing the acceleration metric, organizations such as International Standards Organiza-
tion (ISO) and Society of Automotive Engineers (SAE) have defined certain thresholds of whole
body vibration. One of the most common standards for whole body vibration is ISO 2631-1.
This standard utilizes weighted RMS acceleration values to reflect the human sensitvity to
the excitation frequency of the acceleration. The data that was collected in this research is
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representative of measurements captured in the vertical axis and presented in a non-weighted
analysis. The defined thresholds for vertical vibration are defined in Figure 6.11. Regardless
of the standard plotted in Figure 6.11, the data reflects a minimum tolerance in the 4 - 8 Hz
bandwidth. This particular frequency range possess increased sensitivity because of the vertical
resonance of the abdominal cavity [6].
Figure 6.11: Suspension Frequency Response [6]
6.3.1 Road Simulation 1
The first road profile that was tested was shortest and mildest simulated profile. This
simulation could be assumed to represent on-highway transport for a common commercial
vehicle.
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Displacement Profile
Figure 6.12: Road 1 Displacement Profiles
The data plotted in Figure 6.12 shows the displacement profile of the three semi-active
controller and the OEM suspension. In general, the data shows that all three semi-active
controllers effectively isolated the suspended mass from the lower amplitude movements or
chatter of the base while the OEM suspension did not. When comparing the displacement
profiles of the three semi-active controllers, the Fx and the Skyhook controller allowed the
mass to experience a smaller magnitude of displacement when compared to LQI controller. In
addition, the Fx controller allowed the system to maintain a better tracking of system height
throughout the duration of the experiment. It is also important to note with the same height
controller settings that each semi-active controller operated a unique ride heights.
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Acceleration and Power Spectrum Density Profiles
Figure 6.13: Road 1 Mass Acceleration Profiles
The acceleration profiles plotted in Figure 6.13 show that the semi-active controllers pro-
vided increased attenuation acceleration as compared to the OEM suspension. From the values
calculated in Table 6.2, the semi-active controllers were able to achieve approximately twice the
reduction in RMS acceleration and significant reduction in peak acceleration. When comparing
the semi-active controllers, the Fx controller outperformed the LQI and the Modified Skyhook
controller in both RMS and Peak acceleration attenuation.
Table 6.2: Road Profile 1 Acceleration Data
Source RMS Acceleration (m/s2) Peak Acceleration (m/s2)
Base 1.1243 6.7926
OEM 0.4931 2.3852
LQI 0.2592 2.0114
Skyhook 0.2186 1.7340
Fx 0.1946 1.4469
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The data plotted in Figure 6.14 shows the acceleration spectra over the complete frequency
range. The data in Figure 6.15 shows that the semi-active controllers were able to achieve
significant acceleration attenuation as compared to the OEM system in the frequency range
of 2 - 20 Hz. For the semi-active controllers, the Fx controller achieved greater attenuated
acceleration intensity over the Modified Skyhook and the LQI controllers in regards to the
mean PSD trend over the complete bandwidth of frequencies. From Figure 6.19, the data also
shows the correlation between the increased response gain of the OEM suspension at 2.5 Hz
as shown in Figure 6.9 with the heightened acceleration intensity of the OEM suspension also
happening at 2.5 Hz.
Figure 6.14: Road 1 PSD Profile
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Figure 6.15: Road 1 PSD Profile (Linear-Linear)
6.3.2 Road Simulation 2
The second road profile was simulated with an increased profile intensity. This was done
to simulate an off-highway transport scenario that many commercial vehicles experience when
they are being utilized in construction and agriculture operations.
Displacement Profile
In the second road contour, the displacement profile possessed a more pronounced distur-
bance in terms of amplitude and total duration from the times of 225 to 230 seconds as plotted
in Figure 6.16. During this excitation period, the OEM and semi-active controllers possessed
similar jounce displacements while the OEM suspension provided a smaller displacement in re-
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Figure 6.16: Road 2 Displacement Profiles
bound. However, throughout the smaller displacement excitations, the semi-active controllers
possessed a reduced jounce displacement as compared to the OEM suspension.
Acceleration and Power Spectrum Density Profiles
When analyzing the acceleration data from the second road profile, the reduction in the
chatter isolation provided by the semi-active controllers can clearly be seen in Figure 6.17. This
isolation is exemplified during the time window of 200 - 210 seconds in the displacement plot
in Figure 6.16 which directly corresponds to the reduction of acceleration that occurs in Figure
6.17 during the corresponding window of time.
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Figure 6.17: Road 2 Mass Acceleration Profiles
Table 6.3: Road Profile 2 Acceleration Data
Source RMS Acceleration (m/s2) Peak Acceleration (m/s2)
Base 1.8598 13.2445
OEM 0.8349 4.6611
LQI 0.2096 2.1812
Skyhook 0.1997 1.9977
Fx 0.1853 2.4361
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Figure 6.18: Road 2 PSD Profiles
The increased isolation trend is also prevalent when the complete duration of the profile
is considered. This is reflected in the RMS acceleration values shown in Table 6.3. In Figure
6.18, the notion of increased road profile intensity can be seen by comparing the magnitudes of
the base’s PSD values between Figure 6.14 and Figure 6.18. With the increased acceleration
intensity, the semi-active controllers provide a more pronounced attenuation in acceleration
intensity in the frequency range of 2 - 20 Hz as compared to the OEM suspension as clearly
shown in Figure 6.19. It is important to note that when comparing the data plotted in Figure
6.15 and Figure 6.19 that acceleration spectra of the semi-active controller remained rather
similar while the OEM suspension unit experienced a large gain. Also, the data shown in Figure
6.19 shows that the semi-active suspension provided negligible attenuation in the frequencies
that were lower than 2 Hz where the units were tuned.
106
Figure 6.19: Road 2 PSD Profiles (Linear-Linear)
6.3.3 Road Simulation 3
The final road profile that was simulated possessed the highest intensity of excitation of the
three profiles. The testing of this profile was conduced to simulate extreme conditions that a
military vehicle could experience operating in remote terrain.
Displacement Profile
In the most extreme profile testing, the displacement plot shown in Figure 6.20 shows that,
in general, the LQI controller produced the least amount of attenuation in the peak excitation
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Figure 6.20: Road 3 Displacement Profiles
oscillations. From the peak oscillations seen during the time frames of 75 - 80 seconds and 85 -
90 seconds, the OEM possessed the smallest jounce displacement compared to the semi-active
controllers. The data also shows the semi-active controllers maintained a mean ride height that
closely represented the nominal equilibrium position.
Acceleration and Power Spectrum Density Profiles
As a result of the jounce displacements seen in Figure 6.20 by the LQI and Modified Skyhook
controllers, the controllers also possess heightened acceleration profiles as compared to the Fx
controllers. The data in Table 6.4 also shows the semi-active controllers incorporate a larger
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Figure 6.21: Road 3 Mass Acceleration Profiles
peak acceleration than the OEM suspension, which has not been recorded until this road profile.
In these elevated acceleration modes, the semi-active controllers additionally incorporate larger
phase shifts in the system response than seen from the OEM unit.
Table 6.4: Road Profile 3 Acceleration Data
Source RMS Acceleration (m/s2) Peak Acceleration (m/s2)
Base 1.6132 18.2032
OEM 0.8010 6.2220
LQI 0.7977 9.0613
Skyhook 0.6725 9.1453
Fx 0.5990 6.5769
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From Figure 6.23, the data shows that in the 1 - 2 Hz frequency bandwidth the semi-active
controllers maintained a higher magnitude acceleration intensity than the OEM suspension.
However, in the 3 - 20 Hz bandwidth the semi-active suspensions provided substantial atten-
uation. When comparing the semi-active controllers, the Fx controller provided additional
attenuation throughout the whole frequency bandwidth as shown in Figure 6.23.
Figure 6.22: Road 3 PSD Profiles
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Figure 6.23: Road 3 PSD Profiles (Linear-Linear)
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CHAPTER 7. CONCLUSIONS
7.1 Summary
This thesis presented a methodology of designing, modeling and controlling a fully pneu-
matic semi-active vibration isolator system. The research included a comprehensive study of a
fully pneumatic semi-active control system. The study included an accurate characterization of
air-spring dynamics, use of nonlinear dynamics of pneumatic system for better vibration isola-
tion performance, design of a new electronic height control system, and design and experimental
validation of semi-active control system.
The first objective of the research was to develop a design process that incorporates the
understanding of how all of the system components impact the overall system design. The
design process developed in Chapter 2 leveraged the knowledge gained from the manufacturer’s
engineering specifications, Firestone’s Design Airide R© Design Guide, the results from literature
[11] and the prior work in semi-active suspension research [10] - [12]. Although the existing
literature does not contain any work on high fidelity characterization of different types of air
springs in the context of vibration isolation, some useful prior research that addressed dynamics
of individual components was used in devising a systematic design process for vibration isolation
systems represented by the prototype system. In the unique process that was developed,
the methodology allows a designer to iterate through different system configurations to gain
additional insight in the early stages of system development.
To satisfy the second objective of this research, a nonlinear mathematical model of the plant
was simulated and theoretical response was validated in correlation to the captured data from
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the experimental testing. The nonlinear mathematical derivations of the system components
were constructed from the components governing dynamics and experimentally identified pa-
rameters. A high fidelity dynamic model was developed using available manufacturer’s data
and identified parameters. The model used the nonlinear volume verses ride hight and the
nonlinear effective area versus ride hight correlations that were determined from the system
identification process. The model was then simulated and compared with the experimental
data. It was found that the plant model was able to capture the dynamics of the prototype
system with an acceptable degree of error up to an effective orifice area opening of 60%. In the
simulations that exceeded 60% effective orifice openings, the plant model produced increased
amount of error. While this error was more than desirable the simulation model was helpful in
gaining more insights into the system behavior.
The third objective of the research was to analyze the semi-active controllers performance
in comparison to a passive OEM suspension through the design and tuning of three semi-active
controllers and experimental validation conducted using prototype laboratory system. The
semi-active controllers that consist of LQI, Modified Skyhook, and Relative Displacement all
operate on state feedback signals that allow for the measurement of force generated. Regard-
less of the controller type, the force measurement was obtained through the direct air spring
pressure measurement and the usage of the inertial position feedback to exploit the nonlinear
effective area correlation. In addition to the semi-active controllers, a system height control
algorithm was developed to command the electronic height control valves. To evaluate the
performance of the semi-active and passive suspensions, several modifications were made to a
preexisting shaker stand. These modification allowed the stand to accommodate common cabin
suspension units that are utilized on commercial vehicles. The suspensions where evaluated
using the shaker stand to simulate three road profiles. From the experiments that were con-
ducted, the suspensions where evaluated according to the following metrics of: displacement,
acceleration, and power spectrum density. The data analysis showed that the semi-active con-
trollers produced increased vibration isolations in the low to medium amplitude disturbances
where as the OEM suspension produced greater isolation in the extreme amplitude cases.
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7.2 Research Contributions
The primary contributions of this research were focused on gaining deeper understanding of
the nonlinear dynamic characteristics of the pneumatic system, using this knowledge to develop
high-fidelity dynamic model, and designing and testing new control laws using laboratory test
apparatus. The work in this thesis contributed to the advancement of state-of-the-art in the
area of fully pneumatic isolation systems. The original and key contributions of this research
are summarized below.
1. Developed a systematic methodology for modeling of vibration isolation system using
CVNFD concept
2. Developed a design process for vibration isolation device using new modeling methods,
manufacturer’s specification data, and known results form literature
3. Investigated nonlinear relationship between air spring volume versus height correlation.
4. Investigated the nonlinear relationship between effective air spring cross sectional area
and ride height and exploiting this relationship in development of semi-active controller.
5. Design, testing and comparison of semi-active controllers – LQI, Modified Skyhook and
Relative Displacement – that operate off of force measurement that purely considers the
spring characteristics from the air springs pressure and calculated effective area
6. The development of new electronic height control system that utilizes DC proportional
flow control valves to maintain the desired ride height.
7. The design of a custom height control tracking logic that allows the operator to define
system height, flow rates, time delays, and operations deadbands
8. The design and construction of a testing apparatus that possess custom fixturing and
modular sensing components to allow for the accommodation of common commercial
operator cabin suspension units.
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7.3 Future Research Directions
To further the fully pneumatic semi-active suspension technology, a few suggestions on the
areas of additional research have been identified by the author. These areas include investigation
of the nonlinear damping of the system, an investigation of how the implementation of various
valve configurations and sizing affects system performance and the investigation of how the
systems dynamics changes with varying suspended loads and ride heights.
7.3.1 Nonlinear Damping Characterization
In the plant model that was derived for this research, a linear damping characteristic was
assumed. To characterize the linear damping, the common logarithmic decrement process was
used to determine the damping constant. While this method produced acceptable results in a
given range of orifice areas, it did not capture the true dynamics of the system that lied outside
of this range.
To capture the nonlinear damping dynamics of the system, a new methodology has been
proposed. In the plant modeling the damping was modeled like a common viscous damper in
which the damping force was purely a function of velocity. However, the pneumatic damping is
known to vary with orifice opening and amplitude. In an attempt to capture the effects of the
effective orifice area and amplitude, the air spring pressure feedback is utilized in conjunction
with inertial velocity feedback. The air spring pressure feedback is used to exploit the nonlinear
damping versus air spring pressure correlation. To characterize the nonlinear damping versus air
spring pressure correlation, the same logarithmic decrement method can be utilized to calculate
the effective damping at each peak oscillation of the transient response from a step input. At
each peak oscillations, the air spring pressure can be captured to produce the effective damping
characterized with respect to pressure. In addition to simulating the nonlinear damping, the
effective spring force that changes with respect to the volume being utilized by the system should
be modeled. While neglecting the modeling of the nonlinear effective damping is considered
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to have a larger impact on simulated system performance, varying of air spring stiffness could
also be contributing to the error that is present in plant model simulations.
7.3.2 Valve Configurations
In addition to the prototype suspension system that was developed for this research, the
previous pneumatic semi-active suspension configurations in the recent work of [10], [17], and
[12] have all utilized the same size valve. The singular variable orifice valve has been utilized
because it has been throughly studied. While this valve possesses many of the characteristics
that has been identified though the previous research, the performance impact of utilizing a
different valve for air flow modulations control is unknown. One of the limitations that was
identified by [12] was the maximum orifice area that the valve possessed. It was stated by this
author that a larger orifice valve would allow for a the suspension to have increased vibration
isolation capabilities. One of the issues that was previously stated was the lack of variable
orifice valves that possessed the larger orifice size. In view of these, there are two possible areas
of research to investigate.
The first area of investigation that has been identified is the utilization of multiple smaller
orifice valves to collectively produce a larger orifice area. Theoretically, the smaller more readily
available valves can be configured in parallel to produce a net orifice area that can be scaled
to larger magnitudes. In this configuration, the valves could also be sized such that the orifices
could be configured to be progressive in nature. The progressive orifice areas could potentially
allow the suspension system intelligently utilize the valve combinations for fine and course flow
modulation.
The second area of investigation is the utilization of discrete orifices area valves as opposed
to variable orifice valves. Building upon the same design logic of utilizing a combination of
valves to achieve a desired effective orifice area, the usage of discrete orifice opening could
potentially allow the suspension system to be more economical. Without the variable orifice
requirement, the discrete actuation would allow a wider range of commonly produced valve to
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be utilized and would require a simplistic driver that would possess a binary input and output
command signal.
7.3.3 Effects of Varying Loads and Ride Heights
The final area of possible semi-active research is investigating the effect of varying suspended
loads and ride heights of the suspension system. In application, the semi-active suspension will
operate under various loading conditions and ride heights. These two implications do not typi-
cally have a large effect in passive suspension technologies but can have a potentially large effect
in the semi-active suspension technology. Varying loads and ride heights have a particularly
large impact on the fully pneumatic semi-active suspension because it results in unique initial
conditions for the air spring. As previously stated in Chapter 4, the initial conditions of the
air spring govern the potential forces that can be generated from the spring. If the gain of the
system if determined for a specific initial state of the spring and a differing state is presented,
the system could potentially not be able to perform to its expected performance. Through the
proposed investigation, the study would allow the designer to determine the operation limits of
the suspension and incorporate the appropriate processes to allow the suspension to cope with
these varying input conditions.
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